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INTRODUCTION 

Thirty  years  ago,  w' en  many  of  our  military 
facilities  were  built,  there  was  no  significant  air 
threat,  and  we  had  the  notion  that  nuclear  fire¬ 
power  could  substitute  for  conventional  weaponry. 

Our  adversaries  viewed  that  position  and  then  devel¬ 
oped  an  Integrated  plan  to  gain  strategic  victories 
In  Europe  while  maintaining  a  "no  first  use"  pledge 
on  nuclear  weapons.  Thus,  the  Warsaw  Pact  countries 
have  pursued  with  great  vigor  the  preparations  they 
feel  are  necessary  to  conquer  Western  Europe  In  a 
matter  of  weeks  with  conventional  military  forces. 
The  historical  goal  In  that  battle  arena  Is  to 
advance  quickly,  destroying  Infrastructure,  mili¬ 
tary  Installations,  and  any  enemy  forces  encoun¬ 
tered  . 

With  great  hope  In  the  policy  of  nuclear 
deterrence,  the  U.S.  also  decided  to  develop  far 
more  effective  conventional  tactical  weapons.  Even 
recently.  Dr.  George  A.  Keyworth,  II,  the  Presi¬ 
dent's  Science  Advisor,  stated  the  administration's 
position  that  conventional  weapons  are  a  key  to 
the  transition  away  from  dependence  on  those  tacti¬ 
cal  nuclear  weapons  deployed  In  the  field  near 
potential  battlegrounds.  The  thrust  Is  therefore 
to  use  modern  technologies  to  Improve  conventional 
weapon  lethality,  with  much  greater  accuracy  and 
damage  potential. 

These  evolving  conventional  threats  have 
created  new  problems  In  protective  structure  design. 
Unfortunately,  the  bulk  of  the  supporting  technolo¬ 
gy  base  Is  empirically  founded  and.  In  some  cases, 
obviously  outdated  so  that  recent  efforts  have  fo¬ 
cused  on  Improving  this  base  to  meet  modern  threats. 
Civil  engineers,  who  previously  were  responsible 
primarily  for  maintenance  and  services,  were  given 
the  responsibility  for  modernizing  and  rebuilding 
that  technology  base  and  now  have  new  challenges 
In  meeting  both  readiness  and  regulatory  require¬ 
ments.  Most  of  the  papers  In  this  symposium  report 
efforts  In  these  directions.  However,  even  though 
current  research  appears  to  be  addressing  lume- 
dlate  needs,  perhaps  this  Is  the  time  to  take  a 
broader  look  at  needs  and  goals,  how  will  they 
change  In  the  future,  and  what  new  directions  we 
should  be  taking. 


THREATS  FROM  CONVENTIONAL  WEAPONS 

First,  what  do  we  perceive  to  be  the  current 
threats?  That  question  can  be  answered  In  rather 
specific  terms  only  by  considering  our  opponents  to 
have  weapon  technologies  similar  to  ours.  Tradi¬ 
tionally,  we  think  of  military  munitions  such  as 
projectiles,  missiles,  or  bombs  which  deliver  large 
amounts  of  energy  on  their  targets  either  through 
Impact  and/or  blast.  Although  there  have  been  some 
enhancements  In  the  performance  of  high  explosives, 
the  advancements  In  modern  military  weapons  which 
overshadow  all  others  are  the  tremendous  Improve¬ 
ments  In  delivery  systems  effectiveness  and  accuracy. 
Modern  guidance  techniques  can  place  warheads  on 
target  with  great  precision,  which  has  Increased 
expected  loadings  on  protective  structures  by 
orders  of  magnitudes  and  thus  presents  many  new 
technical  challenges. 

When  warheads  were  only  expected  to  detonate 
at  some  distance  from  their  target,  loadings  could 
be  determined  by  choosing  any  equivalent  charge 
weight  and  calculating  overpressures,  durations, 
and  Impulses  by  empirically  derived  methods.  These 
Idealizations  and  data  bases,  however,  are  Insuffi¬ 
cient  for  bombs  directly  impacting  or  detonating 
very  close  to  their  targets--w1th1n  several  charge 
radii,  the  blast  environment  Includes  Intense 
shock  waves,  explosive  products,  and  case  fragments 
travelling  at  extreme  velocity.  This  complex  load¬ 
ing  Is  difficult  to  Idealize  and  there  Is  very  lit¬ 
tle  experimental  data  for  close-in  detonations  be¬ 
cause  most  Instrumentation  simply  will  not  survive 
the  severe  environment. 

The  loading  Is  complex  also  for  close-in 
ground  shock  even  though  fragment  loading  from  t>» 
burled  explosion  Is  not  as  severe.  Hhen  the  buried 
charge  detonates,  the  solid  explosive  Is  changed 
Into  an  equal  mass  of  gas  at  extremely  high  pres¬ 
sure  which  expands  rapidly  so  that  pressures  at 
the  explosive-soil  Interface  can  be  hundreds  of 
times  greater  than  the  strength  of  the  soil,  creat¬ 
ing  a  zone  of  crushed  material.  If  the  charge 
detonates  close  enough  to  the  structures,  even  the 
explosive  products  will  contact  the  structure. 
Variability  of  soils  and  their  properties  makes  It 


difficult  to  predict  accurately  explosive  coupling 
with  burled  structures  and  most  Instr. mentation  Is 
also  unable  to  survive  this  harsh  environment. 

The  Immediate  problem  then  Is  to  possess  the 
capability  to  design  or  upgrade  protective  structures 
against  modern  threats  for  which  expected  loadings 
are  poorly  described.  So  far,  the  approach  has 
been  to  attempt  to  Improve  the  data  base  to  Include 
these  more  severe  threats;  however,  the  greater 
challenge  Is  to  expand  our  perceptions  to  the  full 
spectrum  of  threats  and  anticipate  how  their  future 
evolution  will  affect  expected  loadings  and  struc¬ 
tural  designs.  And  while  we  are  trying  to  expand 
our  perceptions,  who  will  attempt  to  evaluate  what 
new  non-nuclear  weaponry  will  appear  from  the  SDI 
program  to  pose  new  threats  to  our  present  concepts 
of  protective  structural  design? 

TARGETS 

Although  we  think  primarily  of  military  facil¬ 
ities  as  the  structures  which  require  protection, 
we  must  also  remember  that  the  enemy  Intends  to  de¬ 
stroy  infrastructure.  This  means  that  virtually 
any  significant  structure,  military  or  civilian. 

Is  subject  to  attack.  For  the  most  part,  the  civil¬ 
ian  sector  Is  totally  unprepared  to  meet  such  threats 
and  therefore  we  have  an  additional  long  term  goal 
In  providing  appropriate  techsology  applicable  to 
non-military  facilities. 

Protective  military  structures  are  designed 
to  house  vital  functions  or  equipment  of  extreme 
value.  Consequently,  survivability  takes  precedence 
over  appearance  and  the  structures  are  usually  mass¬ 
ive  with  soil  and  concrete  the  main  building  mater¬ 
ials.  Protection  needs  are  expressed  by  operational 
users  In  the  form  of  requirements;  the  requirements 
are  answered  from  the  available  technology  base,  or 
extension  thereof,  and  the  need  Is  eventually  met 
in  the  consequent  design.  Many  of  the  papers  to  be 
presented  In  this  symposium  reflect  efforts  to  ex¬ 
tend  our  technology  base  for  material  properties  and 
structural  response  to  blast  and  Impact  loads. 
Granted,  there  Is  a  pressing  need  to  Increase  our 
technology  base  to  meet  current  user  requirements, 
but  are  we  producing  the  technical  advances  which 
will  significantly  Improve  survivability  In  the 
long  term?  Unfortunately,  technology  developments 
In  response  to  user  requirements  often  are  unaccept¬ 
ably  slow.  Retired  General  Bryce  Poe  II  In  The 
Engineering  and  Services  Quarterly  Journal  recalled 
Initiating  Items  as  a  Captain  In  1953  which  were 
finally  constructed  when  he  was  a  Lieutenant  General 
in  1974.  Because  the  Items  were  important  to  war¬ 
fighting  capabilities,  he  concluded  that  national 
security  was  at  risk  for  more  than  20  years.  Can 
we  afford  similar  time  lags  In  the  future?  Is  our 
national  security  at  risk  today  for  the  same  reasons? 

Potential  targets  of  a  non-military  nature 
come  in  a  variety  of  descriptions  and  can  Include 
goverrmental ,  Industrial,  and  civilian  structures. 
These,  unlike  military  facilities,  have  no  well 
defined  survivability  requirements  and  are  not  de¬ 
signed  to  provide  protection  from  weapon  attack 


and  are  usually  readily  accessible.  For  example, 
United  States  embassies  have  historically  been  de¬ 
signed  to  reflect  the  openness  and  freedom  of  our 
society.  Therefore,  most  of  them  do  not  use  re¬ 
stricted  access,  heavy  barricades,  or  special  pro¬ 
tective  features  to  keep  visitors  at  a  distance. 
Consequently,  they  are  very  vulnerable  to  terrorist 
attack.  More  recently,  we  have  seen  some  concern 
for  protecting  government  buildings  In  Washington, 
D.C.,  as  when  trucks  filled  with  sand  were  used  to 
barricade  the  White  House  against  possible  terror¬ 
ist  attack.  Especially  vulnerable  are  Industrial 
facilities  such  as  power  plants,  petrochemical 
facilities,  storage  depots,  etc.,  which  may  be 
spread  out  over  large  areas,  leaving  vital  compo¬ 
nents  exposed.  Many  terrorist  attacks  have  been 
targeted  against  U.S.  businesses  abroad.  Other 
civilian  lifelines  such  as  communication  networks, 
pipelines,  bridges,  and  such  are  completely  unpro¬ 
tected,  vulnerable  to  attack,  and  are  undoubtedly 
already  targeted  In  the  event  of  conflict.  Complete 
protection  of  all  our  facilities  may  be  an  Impossi¬ 
ble  task,  but  our  vision  must  be  broad  enough  to 
develop  technologies  which  will  enhance  the  surviva¬ 
bility  of  both  our  military  and  non-military  against 
all  opponents. 

OPPONENTS 

While  the  Soviets  have  hundreds  of  bomber 
aircraft  less  than  an  hour's  flight  from  NATO  air¬ 
bases,  posing  an  evident  threat,  there  are  other 
opponents  and  threats  for  which  we  can  only  guess 
what  kinds  of  loadings  might  be  delivered. 

Along  with  conventional  troops,  Soviet  spe¬ 
cial  purpose  forces,  SPETSNAZ,  would  be  employed  In 
wartime  throughout  Western  Europe  to  covertly  dis¬ 
rupt  conmunlcatlons,  destroy  bridges,  seize  choke 
points,  and  to  direct  attacking  aircraft  to  prime 
targets.  These  SPETSNAZ  forces  are  weapons  and  de¬ 
molition  experts  specially  trained  In  Infiltration 
tactics  and  sabotage  methods  using  explosives.  In¬ 
cendiaries,  acids,  and  abrasives.  Their  realistic 
training  Includes  accurate  full-scale  models  of  key 
targets.  Their  role  Is  to  operate  from  behind 
enemy  lines  and  to  attack  major  facilities  and  Im¬ 
portant  weapon  systems.  The  SPETSNAZ  Is  suspected 
of  having  already  participated  In  a  number  of  co¬ 
vert  operations.  Including  assassinations.  Their 
clandestine  operations  and  expert  use  of  explosives 
are  tremendous  threats  to  unprepared  non-military 
as  well  as  military  facilities. 

Since  1968,  there  have  been  more  than  950 
terrorist  attacks  against  U.S.  businesses.  Includ¬ 
ing  more  than  500  explosive  bombings.  Political 
extremists  have  exploited  terrorism  to  attract  world 
attention.  The  target  of  a  terrorist  can  be  any¬ 
thing,  but  the  more  newsworthy  the  better.  Alarm¬ 
ingly,  terrorists  have  Improved  arsenals  with 
modern  weapons  and  explosives  which  can  be  placed 
In  close  proximity  to  unsuspecting  targets.  Car 
bombs,  for  example,  have  proved  to  be  capable  of 
awesome  destruction  and  are  very  difficult  to  de¬ 
fend  against. 
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Although  terrorists  activities  began  with 
civilian  targets,  recent,  attacks,  such  as  the  one 
on  our  Marine  barracks  In  Lebanon,  Illustrate  that 
military  Installations  can  also  be  targets.  Unfor¬ 
tunately,  some  nations  actually  sponsor  Interna¬ 
tional  terrorism  and  provide  training,  arms,  sanc¬ 
tuary,  and  advice  leading  to  an  evermore  sophisti¬ 
cated  and  unknown  enemy  with  an  unlimited  array  of 
targets.  The  terrorist  issue  Is  well  recognized 
by  the  participants  of  this  symposium  who  are  In¬ 
volved  with  weapon  storage  design,  but  the  techno¬ 
logies  developed  to  combat  terrorism  against  mili¬ 
tary  targets  must  be  transferred  to  those  responsi¬ 
ble  for  the  protection  of  our  civilian  Installations 
and  personnel  as  well. 

CURRENT  ACTIVITIES 

What  are  we  doing  to  provide  better  defen¬ 
sive  systems?  From  the  papers  to  be  presented  In 
this  symposium,  several  topics  seem  to  stand  out. 

As  said,  definition  of  loads  from  air  blast,  ground 
shock,  impact,  and  combinations  is  a  major  concern, 
and  the  tremendous  energy  deposited  on  structures 
by  close-in  explosions  Is  not  easily  characterized 
by  previous  Idealizations  and  new  methods  are  being 
sought.  We  are  looking  for  better  means  of  measur¬ 
ing  the  extreme  loadings  and  better  understanding 
of  the  coupling  with  structures.  Another  topic  of 
Immediate  concern  Is  structural  response.  In  which 
there  are  at  least  three  distinct  areas  of  research: 
design,  analysis,  and  testing.  Several  of  the 
standard  but  now  outdated  design  manuals  have  re¬ 
cently  been  revised  or  are  under  revision.  But, 
even  these  revisions  can  only  reflect  the  technolo¬ 
gy  base  as  It  currently  exists  and  that  is  believed 
to  be  seriously  lacking  In  many  respects.  More 
than  a  dozen  papers  at  this  symposium  will  discuss 
analytical  techniques,  ranging  from  simple  approxi¬ 
mations  to  attempts  at  very  complex  descriptions. 

A  prevailing  concern  relates  to  better  descriptions 
of  material  properties  and  failure  mechanisms.  Wc 
still  have  no  clear-cut,  standard,  accepted  methods 
for  accurately  describing  the  response  of  structures 
subjected  to  high  amplitude  short  duration  loads, 
although  seemingly  our  understanding  of  dynamic 
materials  properties  Is  advancing.  As  In  the  past, 
the  main  emphasis  in  structural  response  research 
is  testing  and  development  of  empirical  relation¬ 
ships.  Other  papers  in  this  conference  range  from 
testing  new  structural  systems  to  revisiting  World 
War  II  Information.  In  some  cases,  scale  model 
testing  Is  being  used  to  reduce  test  costs,  and 
centrifuges  are  being  evaluated  as  a  method  for  test¬ 
ing  geotechnical  problems  at  very  small  scale.  Cen¬ 
trifuge  testing  is  viewed  as  an  opportunity  of  over¬ 
coming  difficulties  in  modeling  soil  because  Its 
strength  Is  derived  through  gravitational  forces, 
although  there  Is  some  controversy  over  the  validity 
of  the  technique.  Many  see  centrifuges  as  the  only 
way  to  test  soil-structure  interaction  problems  at 
small  scale  while  others  feel  scaling  gravity  Is 
totally  unnecessary  for  blast  studies;  however.  It 
Is  more  Important  to  remember  that  the  centrifuge 
is  simply  a  modeling  tool  and,  like  any  other  model¬ 
ing  technique,  can  only  be  employed  usefully  within 
the  scientific  understanding  of  the  user.  Other 


par^rs  describe  better  instrumentation  techniques 
snd  a  few  special  problems. 

The  real  question  we  must  ask  ourselves, 
however,  is  that  even  if  we  are  100  percent  success¬ 
ful  In  every  area  of  research  being  pursued,  how 
much  Improvement  will  we  gain  In  survivability? 

Are  we  making  only  Incremental  advancements  at  a 
time  when  major  or  revolutionary  new  concepts  and 
results  are  required?  What  new  directions  should 
we  be  taking?  Considering  the  evolving,  expanding 
nature  of  the  threats,  and  the  payoffs  we  expect 
from  our  current  research  programs,  will  we  be  In 
a  better  position  of  survivability  25  years  hence 
than  we  are  today? 

THE  FUTURE 

Conventional  weapons  systems  will  continue 
to  Improve,  and  pinpoint  accuracy  will  require 
facilities  designed  for  direct  hits.  We  can  sure¬ 
ly  expect  that  weapons  will  be  smarter,  with  sub¬ 
stantially  Improved  projectile  lethality,  and  over¬ 
all  will  possess  greatly  enhanced  power.  Threats 
will  not  always  come  packaged  as  military  bombs, 
and  special  forces  and  terrorists  will  possess 
sophisticated  weaponry  and  will  be  apt  to  attack 
a  broad  array  of  targets. 

What  lies  ahead  In  protective  structures 
design?  If  current  research  is  successful,  we  will 
be  more  able  to  describe  loadings  from  nearby  deton¬ 
ations;  dynamic  properties  of  concrete  and  soil  will 
be  better  understood;  and  perhaps  new  and  stronger 
materials  will  be  used  In  construction.  Without 
the  development  of  novel  design  concepts  and  the 
Introduction  of  radically  different  materials  and 
construction  techniques,  however,  we  can  expect 
only  marginal  Improvements  over  current  practice-- 
that  will  not  be  satisfactory! 

The  key  to  long  term  survivability  Is  to  es¬ 
cape  the  trap  of  attempting  to  solve  today's  prob¬ 
lems  with  yesterday's  technology;  rather,  we  have 
to  begin  to  develop  tomorrow's  technology.  This 
requires  a  thorough  and  careful  analysis  of  future 
threats.  I  suggest  the  next  symposium  Include  in¬ 
vited  speakers  from  the  Intelligence  community  to 
describe  the  capabilities  that  our  adversaries 
might  possess  in  the  future.  Furthermore,  repre¬ 
sentatives  from  the  user  communities  (both  military 
and  civilian)  should  be  asked  to  express  their  anti¬ 
cipated  needs.  To  stimulate  effective  technical 
thought  In  the  researcher.  It  Is  essential  to  know 
as  much  as  possible  about  the  background  of  the 
problem,  why  It  is  Important,  what  directions 
should  be  followed  In  developing  possible  solutions, 
and  how  will  the  results  be  utilized  In  practice. 

The  research  community  must  strive  for  Inno¬ 
vative  concepts,  applications,  and  techniques.  New 
and  different  materials  and  construction  methods 
are  needed  to  match  their  full  potential  against 
very  high  intensity  loads.  We  have  depended  for 
years  on  passive  protective  structures;  perhaps 
active  protective  systems  could  be  developed  for 
civil  engineering  structures  as  they  have  been  for 
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armored  vehicles,  missile  silos,  etc.  Above  all, 
we  must  maintain  a  broad  perspective  and  look 
beyond  narrowly  defined  problems  and  solutions  by 
prescription;  we  must  focus  on  long  term  goals  and 
objectives  which,  with  creative  and  Innovative 
thinking,  could  neutralize  opponents. 

Those  persons  responsible  for  evaluating  and 
funding  research  and  development  efforts  should 
studiously  avoid  "more  of  the  same"  and  "safe" 
research  which  can  lead  at  best  only  to  Incremental 
advances.  Instead,  they  should  encourage  and  sup¬ 
port  truly  Innovative  and  revolutionary  Ideas;  de¬ 
vote  more  resources  to  concept  development  and 
less  to  routine  testings.  Dare  to  be  bold! 


Once  again,  I  urge  you  to  think  to  the 
future--plan  your  next  symposium  with  the  future 
as  your  theme.  In  the  meantime,  concentrate  all 
your  efforts  to  maintain  the  broader  perspective 
you  will  need  to  meet  the  survivability  challenges 
of  the  decades  ahead. 
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ABSTRACT 

By  observing  pressures,  wall  deflec¬ 
tions  and  accelerations  during  collapse 
as  well  as  debris  distributions  after 
collapse  of  several  near  full-scale 
buildings  of  four  different  types  under 
airblast  loading,  we  have  demonstrated 
quantitatively  the  relative  importance 
of  mechanisms  invoked  by  the  collapse 
process.  This  paper  outlines  one  of  the 
analytical  methods  applied  to  the  data 
and  some  of  the  results  of  the  research 
program. 


INTRODUCTION 

Over  the  past  eight  years,  experi¬ 
ments  conducted  with  explosions  of 
approximately  600  tons  of  ammonium 
nitrate  have  provided  insight  into  the 
physical  processes  of  wall  collapse 
under  airblast  loading.  Motivation  for 
the  research  was  a  wish  to  explore  both 
collapse  mechanisms  and  debris  production 
and  distribution  in  the  range  7  to  40  psi 
incident  overpressures.  Structures  of 
various  kinds  were  built  and  exposed  to 
explosive  airblast;  load  bearing  masonry, 
half-timber,  reinforced  concrete  tilt-up, 
and  reinforced  concrete  frame  with  masonry 
infill.  Wall  sizes  were  all  in  the  range 
8  ft.  high  by  12  to  17  ft.  long.  Elect¬ 
ronic  instrumentation  recorded  inside  and 
outside  pressures,  wall  deflection,  and 
in  some  cases,  accelerations.  Walls  were 
all  oriented  perpendicularly  or  parallel 
to  the  blast  direction  (Refs.  1-5). 

METHOD  OF  ANALYSIS 

Since  net  pressure  loading  and  hori¬ 
zontal  wall  deflection  can  be  estimated 
as  functions  of  time  from  the  gage  data, 
the  energy  deposited  in  the  wall  by  the 
airblast  can  be  calculated;  similarly  the 
kinetic  energy  (if  any)  of  the  wall  at 
the  moment  of  collapse  can  be  estimated 

*  Present  Address:  Westinqhouse  Electric 
Corporation,  Sunnyvale,  California 


from  the  deflection  history.  The  differ¬ 
ence  between  these  two  quantities  then 
must  be  accounted  for  by  a  process  of 
"collapse".  It  is  usually  obvious  from 
the  magnitude  of  the  difference  which 
collapse  mechanism  is  most  likely  to  have 
been  effective  (e.g.,  brittle  shear,  elas¬ 
tic  bending,  compression). 

In  Fig.  1,  interior  and  exterior 
pressure  histories  and  the  corresponding 
deflection  history  of  a  solid  masonry  wall 
of  two  clay  brick  wythes  have  been  super¬ 
imposed.  The  wall  was  without  openings 
and  faced  Ground  Zero  (Refs.  3  and  4). 
During  airblast  loading  the  wall  moved 
steadily  inward  until  deflection  equaled 
thickness  at  which  point  it  was  considered 
to  "collapse".  The  exterior  pressure  was 
measured  in  the  center  of  the  8  x  12  ft. 
wall;  it  was  the  result  of  a  37  Ibf/in* 
incident  blast  wave  striking  the  wall  at 
head-on  incidence.  Peak  reflected  pressure 
was  140  lbf/in*.  Edge  rarefactions  eroded 
the  peak  in  approximately  16  ns. 

The  interior  pressure  shown  in  Fig.  1  was 
measured  in  the  middle  of  the  floor  of 
the  room  directly  behind  the  wall,  i.e., 
approximately  four  and  a  half  feet  down¬ 
wind  from  the  wall.  The  record  shows  a 
fairly  smooth,  slow  rise  in  pressure 
because  there  was  no  opening  in  the  front 
or  side  walls  of  the  room;  the  airblast 
entered  the  room  through  a  hallway  and  a 
door  at  the  rear  of  the  room.  Fig.  2  is 
a  pre-shot  photograph;  a  plan  view  is 
seen  in  Fig.  3.  Pressure  and  deflection 
gage  locations  are  indicated  in  Fig.  3  by 
the  letters  P  and  D  respectively. 

The  measured  pressure  and  deflection 
histories  should  be  transformed  to  spatial 
averages.  This  has  been  done  for  this 
example  by  assuming  deflection  is  in  a 
"classical"  failure  pattern  (Fig.  4)  so 
that  the  average  deflection  equals; 

1  -  i6m(l  -  H/3L)  -  TD6m 

where  6m  is  the  midpoint  deflection,  L 
and  H  are  wall  length  and  height,  respec¬ 
tively.  Although  methods  exist  for  trans¬ 
formation  of  exterior  pressure  (Ref.  6) 
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the  effect  ia  small  when  there  are  no 
openings  and  no  transformation  has  been 
made  in  this  example.  Neglecting  a  small 
rotation  the  square  of  wall  speed  trans¬ 
forms  ass 

V*  -  1/3  V’(1-H/2L)  -  TkeV^ 

When  the  wall  fails  with  a  single  midline 
crack  the  transformation  factors  are: 


Td  -  0.50 
TKE  “  0,33 

for  all  values  of  H  and  L. 


Although  the  deflection  gage  in  the 
experiment  failed  early,  its  record  has 
been  extrapolated  based  upon  previous 
experience. 


If  A  is  the  wall  area,  6m<t),  Pout^fck 
and  ftn(t)  are  central  wall  deflection, 
insiae  and  outside  pressures  as  functions 
of  time,  then  energy  output  is: 
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probably  did  not  exert  enough  restraint 
to  crush  the  masonry.  However,  if  we 
postulate  ( 1 )  the  horizontal  frame  mem¬ 
bers  were  rigid,  (2)  the  wall  cracked  in 
a  single  midline  fracture,  and  (3)  crushing 
occurred  in  four  symmetical  zones,  (one 
each  at  top  and  bottom  and  two  at  the 
midline}  then  the  crushing  energy  can  be 
estimated.  Under  these  conditions  if 
the  depth  of  crush  in  each  zone  is  x,  the 
angle  of  wall  rotation  is  0,  then  the 
width  y  of  the  zone  is 


y 


x  +  tan0 
tan0  x 


and 

x  =>  i(bsin0  +  H/2  cosO  -  H/2) 

where  b  «*  wall  thickness.  Neglecting 
elastic  compression,  crushing  work  W  is 
then: 

wc  -  4  oc  L  f™*  ydx 
o 


where  o 
of  the  c 


is  the  compressive  yield  stress 
wall.  The  maximum  rotation  is: 

max  *  tan_1  B72 


0 


where  tj  is  the  time  of  wall  failure 
(when  net  pressure  is  close  to  zero  also). 
Pout  is  the  history  produced  by  P5  in 
Fig.  3  but  Pin  is  the  record  of  P6 
shifted  to  the  right  (away  from  the 
origin)  to  account  for  the  separation 
between  wall  and  gage.  If  M  is  wall 
mass,  kinetic  energy  is  (again  neglecting 
small  verical  components  of  speed): 

KE  *  ^MTKEVm 

Numerically  in  this  experiment 

W  «  3.7  x  105  ft-lbf 
and  . 

KE  «  4.6  x  10  ft-lbf 

so  that  the  difference 

W  -  KE  =  3.2  x  105  ft-lbf 

represents  energy  of  elastic  and  plastic 
deformation  of  the  frame  and  wall  and  the 
removal  of  the  simulated  floor  and  crush¬ 
ing  of  masonry.  For  this  R/C  structure: 

KE/W  -  0.12 

(At  the  base  of  every  wall  in  all  experi¬ 
ments  a  wood  plate  approximately  2x4 
inches  in  cross-section  was  bolted  to  the 
concrete  floor  to  simulate  a  built-up 
floor  structure  behind  the  wall.) 

Although  the  top  course  of  masonry 
in  the  front  wall,  which  partially  adhered 
to  the  ceiling,  showed  clear  evidence  of 
compressive  shear  fracture  along  its 
entire  length  (Fig.  5),  we  do  not  know 
exactly  in  what  pattern  or  to  what  extent 
the  masonry  was  crushed.  The  vertical 
frame  members  yielded  (Fig.  6)  and 


By  estimating  the  value  of  the  integral 
numerically  we  find  the  crush  energy 
under  these  assumptions  to  be  approx. 

»  «  3.1  x  105  ft-lbf 

c 

(We  have  found  brick  and  mortar  assem¬ 
blies  to  yield  in  compression  at  stresses 
intermediate  between  yield  values  of 
brick  and  mortar  alone  (Ref.  1).  The 
value  of  Wc  above  has  been  computed  using 
a  composite  value  based  on  static  testing 
of  brick  couplets . )  Wc  is  of  the  order 
of  magnitude  of  the  difference  or  "dissi¬ 
pation"  calculated  above.  It  therefore 
seems  likely  that  masonry  crushing  was 
indeed  the  major  dissipation  mechanism. 

RESULTS 

Other  building  types  have  been 
examined  in  this  way  with  the  results 
summarized  in  Table  1. 

In  particular,  the  pair  of  reinforced 
load-bearing  masonry  buildings,  DNA5401 
and  DNA4070  (downstairs),  both  at  nearly 
the  same  incident  pressure,  form  an 
interesting  contrast.  A  front  view  of 
the  latter  is  seen  in  Fig.  7.  Essentially 
identical  except  for  the  presence  of  a 
second  story  at  DNA4070,  analysis  clearly 
shows  the  increasing  restraint  provided 
by  increasing  overburden.  The  downstairs 
front  wall  shows  a  dissipation 
(W  -  KE)/W 

of  approximately  75%;  without  the  second 
story  overburden  the  reinforced  masonry 
front  wall  collapses  with  only  50% 
dissipation. 
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In  the  case  of  the  single  story 
unreinforced  masonry  buildings  DNA5401 
and  DNA5403 ,  we  observed  ceiling  slab 
uplift  due  to  front  wall  collapse  by 
means  of  accelerometers  and,  after 
allowing  for  0.126  inches  of  elastic  com¬ 
pression,  we  found  crushing  reduced  the 
wall  height  by  0.45  and  0.12  inches,  at 
30  and  10-psi, respectively.  Depth  of 
crush  plus  elastic  compression  is  compu¬ 
ted  as  the  difference  between  expected 
uplift  due  to  rotation  of  wall  segments 
and  observed  uplift.  However,  the 
smaller  "dissipation"  at  lower  over¬ 
pressure  constitutes  a  larger  proportion 
of  input  energy  than  does  the  dissipation 
at  higher  pressure  (See  Table  1).  But 
the  freedom  of  the  overburden  to  be  up¬ 
lifted  reduces  the  dissipation  (Compare 
DNA4071  and  DNA4070  downstairs). 

Removal  of  the  floor  plate  occurred 
behind  only  two  walls:  the  front  ground 
floor  of  the  two  story  building  and  the 
front  wall  of  the  R/C  frame  building. 
These  were  examples  of  greatest  "dissi¬ 
pation"  in  the  pressure  range  30-40  psi. 
Apparently  the  vertical  in-plane  forces 
prevented  shearing  of  the  wall  at  the 
plate. 

Side  walls  in  these  experiments 
invariably  moved  inward  one  or  two  inches 
immediately  following  blast  arrival,  but 
very  shortly  after  front  wall  collapse 
(i.e.,  displacement  equal  to  thickness) 
reversed  direction  strongly.  Their 
debris  was  found  outside  the  building 
arrayed  in  a  direction  perpendicular  to 
the  direction  of  blast  wind.  The  strong 
differential  pressure  moving  them  outward 
arose  in  the  vortices  shed  by  the  front 
corners  of  the  building.  The  blast  energy 
deposition  during  outward  motion  was 
found  entirely  in  kinetic  energy  of 
fragments. 

Rear  walls  moved  initially  inward  if 
there  were  no  openings  in  the  front  wall 
but  initially  outward  otherwise.  All 
eventually  collapsed  outward  -  without 
significant  dissipation.  The  rear  wall 
of  DNA4071  (Fig.  3)  moved  outward  to  a 
maximum  of  two  inches  then  returned  to 
rest  near  its  original  position  before 
being  swept  out  of  the  building  by  high 
speed  debris  from  the  front  wall. 

CONCLUSIONS 

Our  observations  of  several  types 
of  building  collapse  have  provided  an 
understanding  of  collapse  mechanisms  such 
that  we  believe  we  can  estimate  quantita¬ 
tively  the  behavior  of  these  types  under 
airblast  loads  other  than  those  applied 
in  our  experiments .  These  collapse  mech¬ 
anisms  will  be  important,  for  example,  in 
assessing  collapse  probability  and  debris 


roduction  undsr  airblast  loading  pro- 
uced  by  non-nuclear  munitions  of  yields 
less  than  500  tons.  A  short  impulsive 
airblast,  for  example,  must  provide 
enough  input  energy  to  crush  masonry  at 
the  frame  or  under  an  overburden;  and 
the  short  duration  will  enhance  any  ten¬ 
dency  to  stimulate  inertial  reaction 
forces. 

This  study  of  collapse  mechanism 
from  an  energy  standpoint  has  also  been 
helpful  in  evaluating  and  modifying  the 
more  classical  structural  response  models 
(based  on  force-deflection  considerations) 
used  by  the  authors  elsewhere  (e.g..  Ref. 
1)  in  predicting  incipient  collapse  of 
structure. 


TABLE  1 

Ratio  of  Kinetic  Energy  to 
Input  Energy,  Front  Halls 


Expt .  Construction  Incident  KE/W 

No. _ type  Pressure  ( psi ) 


5403 

Load-bearing 
masonry  (CMU) 

10 

0.11 

5402 

R/C  panel , 
tilt-up 

25 

0.30 

5401 

Load-bearing 
masonry  (CMU) 

30 

0.50 

4070 
( upper ) 

Load-bearing 
masonry  (CMU) 

40 

0.58 

4070 
( lower) 

Load-bearing 
masonry  (CMU) 

40 

0.25* 

4071 

R/C  frame, 
clay  masonry 
units 

37 

0.15* 

"floor  plate  removed. 
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ABSTRACT 

Manufacture,  storage  and  transportation  of 

chemicals  capable  of  exploding  at  energy  levels 
comparable  to  TNT  has  Increased  In  recent  years. 
Land  areas  adjoining  such  storage  facilities  and 
transportation  routes  are  now  more  densely 

populated  and,  therefore,  people  In  these  areas 
are  at  a  higher  risk  than  previously.  This  paper 
focuses  on  these  problems  and  suggests  solutions 
so  that  the  potential  for  damaging  effects  can  be 
considered  and  mitigated  by  planners  In  the 
vicinity  of  hazardous  facilities  and  transporta¬ 
tion  routes. 

INTRODUCTION 

Research  studies  need  to  be  Initiated  to 
reevaluate  current  regulations  governing  the 
siting  of  "Inhabited  buildings"  relative  to  stores 
of  commercial  and  military  explosives.  One  reason 
Is  that  modern  buildings  are  more  vulnerable  to 
blast  effects  than  those  for  which  existing 
regulations  were  developed.  Many  of  the  land 
areas  at  risk  are  now  also  more  densely 
populated.  Further,  there  are  no  Federal 
regulations  governing  the  routing  of  materials 
capable  of  exploding  and  thus  all  structures  along 
transportation  routes  carrying  hazardous  materials 
are  at  risk.  A  number  of  local  communities  have 
attempted  to  limit  the  transport  of  explosives 
through  their  environs  without  success. 

Perhaps  a  more  serious  problem  (and  one  for 
which  there  are  no  regulations,  or  guidelines,  and 
essentially  no  awareness  by  structural  engineers 
or  architects)  Is  the  fact  that  the  manufacture  of 
chemicals  capable  of  exploding  at  energy  levels 
comparable  to  TNT  (trinitrotoluene),  has  Increased 
substantially  In  recent  years.  These  are  being 
shipped  along  highways  and  railways  In  large 
quantities  and  at  high  frequencies.  These 
materials  are  not  classed  as  explosives  since 
their  primary  use  Is  not  to  function  by  explosion. 
The  Increase  In  the  amounts  produced  and  the 
energy  content  of  these  chemicals  has  led  to  an 
Increase  In  accidental  explosions  and,,  thus,  an 
Increase  In  risk  to  built-up  areas  In  the  vicinity 
of  certain  processing  plants,  storage  facilities 
and  respective  transportation  routes. 


The  objective  of  this  paper  1$  to  focus 
attention  on  the  problems  described  and  to  suggest 
possible  solutions,  so  that  the  potential  for 
damaging  effects  can  be  properly  considered  by 
Individuals  responsible  for  the  planning  of 
developments  adjacent  to  hazardous  facilities  and 
designated  transportation  routes. 

BACKGROUND 

Existing  DoD  quantity-distance  regulations 
(Refs.  1,2)  used  for  the  specification  of  minimum 
separation  distances  between  various  types  and 
quantities  of  stored  explosives  and  surrounding 
communities  have  evolved  primarily  from  studies  of 
actual  blast  damage  results  (Refs.  3,4,5).  Each 
separate  explosion  was  analyzed  with  respect  to 
quantity  of  explosive,  nature  and  extent  of  damage 
produced.  Each  result  was  plotted  on  a  quantity- 
distance  chart,  and  a  curve  was  finally  drawn  to 
form  an  envelope  on  the  safe  side  of  the  data 
points.  Separation  distances  for  quantities  of 
explosives  for  which  no  experimental  (or  accident) 
data  existed  were  determined  by  scaling  existing 
data.  In  these  charts  damage  Is  expressed  In 
terms  of  quantity  of  explosive  and  distance  to  the 
target  and  Is  primarily  related  to  the 
overpressure  at  the  site  of  the  target. 

Current  regulations  (Refs.  1,2)  governing 
storage  of  explosives  permit  conventional. 
Inhabited  buildings  to  be  located  at  distances  of 
from  4010/3  to  SON1/*  ft  (15Q1/3  m  to  20Q1/3  m). 
Nhere  N  Is  the  weight  of  explosive  In  pounds  and  Q 
Is  In  kg.  The  larger  number  applies  to  quantities 
greater  than  250,000  lbs  of  TNT.  In  the  weight 
range  of  100,000  to  250,000.,lb  of  TNT,  the 
applicable  distance  Is  2.42N0*577  ft.  How  this 
regulation  reflects  the  actual  response  of 
buildings  subjected  to  blast  loads  In  theory  and 
practice  Is  discussed  In  the  following  sections. 

BEHAVIOR  OF  STRUCTURES  IN  A  BLAST  ENVIRONMENT 

The  response  of  a  structure  to  a  blast  wave 
Induced  load  depends  on  the  makeup  of  the 
structure  and  the  character  of  the  load.  Very 
generally,  structural  characteristics  of  Interest 
Include  the  mass  and  mess  distribution,  stiffness, 
fundamental  period,  type  and  mode  of  failure. 
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Blast  load  characteristics  of  Interest  Include 
peak  load,  rise  tine  to  peak  load,  duration  and 
character  of  decay. 

When  the  effective  duration  of  the  load  Is 
short,  say  less  than  about  one  third  of  the 
period,  then  the  Inpulse  due  to  the  load  Is  of 
major  Importance,  and  the  response  of  the 
structure  can  be  based  entirely  on  the 
consideration  of  Impulse  and  momentum.  On  the 
other  hand,  when  the  duration  Is  relatively  long 
compared  with  the  fundamental  period  of  the 
structure,  say  greater  than  about  four  times  the 
period,  then  the  loading  can  be  treated  as  a  step 
load  of  Infinite  duration.  In  between  these  two 
extremes,  the  characteristics  of  the  loading  need 
to  be  considered. 

A  given  building  Is  not  of  constant  stiffness 
or  strength  throughout.  Individual  components 
such  as  exterior  cladding.  Interior  partitions, 
window  panes,  etc.,  depending  on  support 
conditions,  orientation  and  materials,  can  be 
locally  stlffer  or  more  flexible  than  the  primary 
structure,  l.e.,  the  building  frame.  When 
subjected  to  a  given  blast  load,  such  components 
are  therefore  expected  to  respond  In  different 
modes  than  the  structure  as  a  whole. 

It  Is  evident  from  this  brief  discussion  that 
a  separation  distance  based  on  quantity  of 
explosive  alone  Is  not  necessarily  a  useful 
criterion  for  defining  a  safe  condition  for  all 
cases. 

Recognizing  this  fact.  It  becomes  useful  to 
characterize  the  strength  or  some  critical  damage 
level  of  a  given  building  by  means  of  a  function 
which  covers  the  entire  range  of  load-tine 
histories  capable  of  producing  that  same  level  of 
damage.  A  peak  load-impulse  characterization 
scheme  (Ref.  6)  serves  this  purpose.  It  Is 
Illustrated  In  Fig.  1  where  the  function  shown 
represents  a  level  of  damage  for  different 
combinations  of  peak  pressure  and  Impulse. 

Procedures  for  evaluating  the  strength  of 
buildings  In  a  blast  environment  are  fairly  well 
established  at  this  time.  Making  use  of  such 
structural  analysis  methods  together  with 
probabilistic  methods,  and  making  use  of  available 
experimental  data,  more  reliable  safe  separation 
distances  can  be  established. 

STRENGTH  OF  BUILDING  STRUCTURES 

Analysis  of  the  response  of  buildings  against 
the  effects  of  blast  produced  by  accidental 
explosions  has  received  a  miniscule  amount  of 
attention  as  compared  to  that  of  other  hazards, 
such  as  earthquakes.  The  civil  engineering 
profession,  outside  of  one  or  two  government 
agencies  has  completely  Ignored  the  problem 
described  In  this  paper,  as  has  the  architectural 
profession.  Thus,  Information  on  the  response  of 
buildings  to  blast  effects,  or  formal  procedures 
or  guidelines  are  not  readily  available.  What 
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does  exist,  and  that  In  small  quantity.  Is 
Information  on  the  strength  of  buildings  against 
blast  effects  of  nuclear  weapons.  This 
Information  Is  of  limited  use  because  nuclear 
weapons  produce  loads  that  have  long  durations. 
Some  of  this  Information  Is  Included  In  Table  1 
(Ref.  7).  Shown  are  eleven  categories  of 
buildings  and  corresponding  "Incipient  failure" 
overpressure  levels.  Incipient  failure  means  that 
the  structure  has  been  loaded  just  to  the  point 
where  It  will  fall  without  additional  load. 
Overpressures  given  are  reference  free-fleld 
overpressures  at  the  site.  Analyses  performed 
considered  corresponding  reflected  pressures  and 
drag  pressures  as  appropriate  In  a  given  case. 
Results  are  for  the  "composite"  building. 
Obviously  windows,  doors.  Interior  partitions, 
furniture,  etc.,  will  become  debris  at  lower 
overpressures.  Table  1  demonstrates  that 
conventional  buildings  are  for  the  most  part 
"soft".  Modern  buildings,  such  as  those  using 
pre-fabrlcated  components,  are  expected  to  be 
"softer"  than  corresponding  buildings  shown  In 
Table  1. 

A  study  reported  In  Ref.  8  was  concerned  with 
establishing  safe  separation  distances  for  a 
number  of  potential  civilian  targets  with  respect 
to  five  quantities  of  explosives.  Results  for 
nine  of  the  targets  are  given  In  Table  2. 
Included  are  safe  separation  distances,  peak 
overpressures  and  Impulses.  Results  are  based  on 
spherical  charges  and  hemispherical  blast  wave 
data. 


Results  were  generated  by  first  determining 
what  constitutes  damage  resulting  In  Injury  to 
occupants.  The  greatest  separation  distance  was 
then  determined  which  for  the  given  quantity  of 
explosive  would  just  preclude  the  occurrence  of 


FIG.  l.-Peak  Pressure-Impulse  Charactelzatlon  of 
Structural  Response  (I0  Is  the  Ideal 
Impulse,  P0  Is  the  magnitude  of  a 
step  load  producing  the  same  response). 


TABLE  1  INCIPIENT  FAILURE  OVERPRESSURES  (PSI) 

AT  SELECTED  PROBABILITY  LEVELS  (7) 

Building  Category  Probability  of  Failure,  Percent 


10 

50 

90 

1.  Single  Story  Frame  Residences 

1.5 

2.2 

2.9 

2.  Single  Story  Load  Bearing  Residences 

2.0 

2.8 

4.0 

3.  Two-  or  Three-  Story  Frame  Single 
Residences,  Row  Houses,  Apartments, 

Motel s 

1.6 

2.3 

3.1 

4.  Mixed  One-  and  Two-  Story  "Store 

Front"  and  Light  Commercial  Masonry 

Load  Bearing  Wall  Buildings 

2.0 

3.2 

4.9 

5.  Multistory  Steel  Frame  Apartment 

Buildings,  Four  to  Ten  Stories 

3.5 

5.2 

7.5 

6.  Multistory  Steel  Frame  Office  and 
Institutional  Buildings,  Four  to 

Ten  Stories 

3.6 

5.4 

8.0 

7.  Same  as  (6)  except  More  than  Ten 

3.6 

4.9 

7.5 

Stories 

8.  One-  Story  Masonry  Load-Bearing  Wall, 
School  and  Institutional  Buildings 

1.8 

2.8 

4.6 

9.  Masonry  Load-Bearing  Wall  Industrial 

Type  Buildings,  One  Story 

1.7 

2.6 

3.7 

10.  Light  Steel  Frame  Industrial  Type 
Buildings,  One  Story 

3.7 

5.0 

6.8 

11.  Heavy  Steel  Frame  Industrial  Type 

5.4 

7.2 

10.0 

Buildings,  One  Story 


I  psI  «  6.89  kPa 


this  level  of  damage.  Due  to  the  significantly 
different  definitions  of  damage  as  well  as 
quantities  of  explosives  involved,  the  results  In 
Tables  I  and  2  are  not  directly  comparable. 

Separation  distances  based  on  current 
regulations  (Ref.  1)  are  Included  for  comparison 
In  the  lower  part  of  Table  2.  It  will  be  noted 
that  In  six  of  the  cases  (see  asterisks  In  Table 
2),  the  separation  distances  stipulated  by  the 
current  regulation  are  Inadequate.  This  occurs 
mostly  for  buildings  with  large  span  roofs.  It  Is 
noted  that  potentially  lethal  effects  of  debris 
from  falling  neighboring  buildings  were  not 
considered  In  the  analysis  described. 

SELECTED  ACCIDENT  DATA 

On  June  I,  1974  an  explosion  occurred  at  the 
Nypro  Ltd.  plan  at  Fllxborough,  Lincolnshire, 
England  (Ref.  9).  The  explosion  followed  the 
Ignition  of  a  cloud  of  cyclohexane  vapor  nixed 
with  air.  It  resulted  In  28  fatalities,  numerous 
Injuries  and  extensive  structural  damage. 
Structural  damage  extended  well  beyond  the  plant 


boundary.  The  analysis  of  damage  concluded  that 
the  blast  effect  was  similar  to  that  produced  by 
16  metric  tons  (35,300  lbs)  of  TNT  detonated  at  a 
height  of  45  meters  (147.6  ft).  If  DoD  quantity- 
distance  criteria  were  applied,  for  this  quantity 
of  explosive.  Inhabited  buildings  would  be  "safe" 
beyond  about  1312  ft  (400  m)  scaled  distances  of 
40  ft/lbx'3.  Damage  to  conventional  Inhabited 
buildings  extended  beyond  these  distances.  For 
example,  a  roof  collapsed  at  a  distance  of  1312  ft 
(400  m);  ceilings  collapsed  at  1755  ft  (535  m); 
100  percent  window  glass  breakage  extended  to 
about  2300  ft  (700  m);  75*  percent  window  glass 
breakage  was  observed  at  a  distance  of  3900  ft 
(1190  m);  approximately  20  percent  window  glass 
breakage  was  observed  at  a  range  of  9005  ft  (2745 
m);  door  ana  window  glass  damage  was  observed  at 
1755  ft  (535  m).  The  authors  state  that  the  blast 
load  duration  was  long  In  comparison  to  the 
response  time  of  the  structures  observed.  The 
long  duration  was  probably  because  this  was  a 
volume  explosion  (a  cloud),  rather  than  a 
condensed  explosive  (a  point  source).  Thus,  peak 
overpressure  Is  directly  related  to  damage  In  this 
case. 
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TABLE  2  SAFE  SEPARATION  DISTANCES,  PEAK  OVERPRESSURES  AND  IMPULSES 
FOR  INDICATED  QUANTITIES  OF  EXPLOSIVE  AS  DETERMINED  BY 
STRUCTURAL  ANALYSIS  (6) 


Target 

Quantity  of  Explosive  (lbs) 

1,000 

10,000 

100,000 

1,000,000 

R 

P 

I 

R 

P 

I 

R 

P 

I 

R 

P 

1 

House  (Split  Level, 
frame-brick) 

290 

1.79 

30 

776 

1.36 

54 

2089* 

1.0 

92 

4500 

1.0 

190 

Church  (A-frame 
construction) 

250 

2.15 

35 

1185* 

0.77 

35 

3481* 

0.52 

54 

8000* 

0.48 

106 

School  (One-story, 
masonry) 

180 

3.64 

48 

496 

2.49 

84 

1671 

1.36 

116 

5500* 

0.77 

155 

Office  Building 
multi  st  »ry,  R/C 
frame,  block  walls) 

140 

5.68 

61 

323 

4.60 

128 

928 

3.0 

205 

2500 

2.15 

340 

Mobile  Home 

340 

1.45 

26 

790 

1.23 

50 

1900* 

1.08 

102 

4950 

0.82 

172 

Bus  (Passenger) 

230 

2.45 

38 

550 

2.10 

72 

1280 

1.90 

151 

3100 

1.59 

272 

Camper  Pickup  Unit 

250 

2.20 

35 

620 

1.75 

64 

1520 

1.45 

128 

4000 

1.10 

212 

Commercial  Jet 
Aircraft 

200 

3.00 

43 

539 

2.15 

73 

1253 

1.97 

155 

5. /JO 

1.97 

315 

Person  (Male, 

168  lbs) 

230 

2.5 

38 

496 

2.50 

80 

1068 

2.50 

180 

2300 

2.5 

370 

DOD  minimum  distance 
requirements  (ft): 

(a)  blast  hazard 

400 

862 

1855 

5000 

(b)  blast  and 

1250 

1250 

1855 

iOOO 

fragment  hazard 

R  »  Separation  Distance,  ft. 

P  -  Peak  Overpressure,  psl 

I  »  Impulse,  psl  ms 

1  ft  -  0.3048  m,  1  psl  -  6.89  kPa 

*"safe“  distance  Is  greater  than  that  required  by  regulations. 


Fig.  2  Is  a  compilation  of  data  (Ref.  5)  from 
accidental  explosions,  categorized  by  types  of 
damage.  It.it  seen  that  even  at  a  scaled  distance 
of  50  ft/lb1'3  (20  m/kg1' 3)  all  levels  of  damage 
except  “demolished"  are  found.  Although  most  of 
such  exceedences  are  found  In  the  lesser  damage 


his  home  a  mile  away  and  struck  him.  Minor 
Injuries  and  major  building  damage  occurred 
throughout  the  residential  areas  closest  to  the 
refinery  (Ref.  10).  Information  as  to  the  yield, 
l.e.,  the  equivalent  quantity  of  explosive 
Involved  Is  not  available  at  this  time. 


categories,  It  Is  Important  to  emphasize  that  low 
blast  Intensities  cover  larger  land  areas  than  do 
high  blast  Intensities.  The  potential  for  damage 
and  Injuries  In  the  larger  areas  of  low-level 
blast  effects  can,  therefore,  be  very  significant. 

On  July  25,  1984  tvo  explosions  occurred 
within  minutes  of  each  other  at  the  Union  Oil 
Company  refinery  In  Romeovllle,  Illinois. 
Seventeen  workers  were  killed  and  at  least  twenty 
one  were  Injured.  Structural  damage  extended  well 
beyond  the  plant  boundaries.  The  blast  was  "felt" 
up  to  35  miles  away.  It  flattened  buildings  at 
the  1030  acre  plant  and  toppled  a  55  ft  utility 
tower  more  than  two  miles  away.  A  five  foot  piece 
of  sheet  metal  struck  a  house  half  a  mile  away 
from  the  refinery.  A  nine  month  old  boy  was  put 
Into  the  Joliet  hospital  with  head  Injuries 
sustained  as  a  jewelry  box  flew  across  the  room  In 


CONCLUSIONS  AND  RECOMMENDATIONS 

There  Is  Increasing  pressure  for  land 
adjacent  to  hazardous  facilities,  previously  used 
rr*  agricultural  purposes,  to  be  used  for 
commercial  development.  Land  developers  should  be 
aware  of  the  potential  for  damage  near  chemical 
and  explosive  manufacturing  and  storage  facilities 
(e.g.  tank  farms),  and  along  transportation  routes 
(highways,  railroad  tracks,  railroad  switchyards, 
ports  and  navigable  rivers)  where  hazardous 
material  may  be  carried. 

An  effort  snould  be  undertaken  to  develop 
quantity-distance  charts  on  a  rational 
probabilistic  basis;  taking  Into  account  the 
differences  In  response  from  types  of  structural 
systems,  components,  connections,  materials. 
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FIG  2. -Distribution  Plot  for  Categories  of  Daaagr  (5) 


building  orientation,  etc.  In  those  cases  where 
buildings  cannot  meet  stipulated  separation 
distances,  then  guidelines  for  the  design  and 
retrofitting  of  buildings  to  resist  accidental 
explosions  should  be  developed. 

Results  of  previous  studies  Indicate  that 
when  specific  protective  measures  are  considered 
In  the  design  stage  of  an  engineered  building, 
then  such  measures  can  be  obtained  at  little  or  no 
additional  cost  (Ref.  II). 
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ABSTRACT 

This  paper  presents  the  results  from  a  test  In 
which  the  door  acceleration  and  the  pressure 
environment  were  measured  In  an  aircraft  noise 
suppressor  system,  following  the  delayed  Ig¬ 
nition  of  the  augmenter  fuel  of  a  turbofan 
engine  such  that  an  explosion  of  this  fuel 
occurred.  The  system  was  Instrumented  with 
hydrophones,  as  well  as  accelerometers  and  a 
high  temperature  microphone.  The  resulting 
data  were  used  to  define  the  effects  of  the 
augmenter  fuel  explosion  pressure  on  the  no  se 
suppressor  system  and  Its  components. 


INTRODUCTION 

Stalls  of  turbofan  engines  are  caused  by 
afterburner  hard  starts  caused  by  a  missed  or 
late  light-off  or  blow-out.  This  Is  followed 
by  an  explosive  auto-Ignltlon  of  the  fuel  mix¬ 
ture  a  few  seconds  later  by  the  hot  exhaust 
gases.  Augmenter  blowouts  result  In  an  un¬ 
burned  fuel  mixture  being  Ignited  explosively 
inside  the  augmenter  section  of  the  engine. 

A  pressure  wave  propagates  forward  up  the  fan 
duct,  and  the  resulting  backpressure  causes 
the  fan  and/or  high  pressure  compressor  to 
stall.  In  turn,  the  afterburner  can  be  blown 
out  again  due  to  the  fluctuation  in  flow 
caused  by  the  repeated  sequence  of  stall,  hard 
start  and  stall  of  the  fan  and/or  high  pres¬ 
sure  compressor.  This  chain  of  events  can 
continue  until  the  engine  core  does  not  have 
enough  energy  to  accelerate.  In  the  meantime, 
the  combustor  continues  to  pump  hot  gases  Into 
the  turbine  section  which  can  overheat  and 
suffer  an  overtemperature  condition.  This  can 
result  In  turbine  blade  damage. 

Stalls  caused  by  augmenter  blowouts  have 
occurred  during  ground  run-ups  when  snapping 
an  aircraft  engine  throttle  from  Idle  to  maxi¬ 
mum  afterburner.  These  blowouts  have  resulted 
In  damage  to  noise  suppressor  systems.  For 
example,  bolts  have  been  sheared,  stiffeners 
broken,  and  welds  cracked.  A  test  program  as 
performed  by  the  Flight  Dynamics  Laboratory  to 
deternine  the  magnitude  of  the  pressure  at 
various  locations  within  the  secondary  enclo¬ 


sure  of  a  noise  suppressor  system  (NSS)  fol¬ 
io,  ;  i  Pj  1  -j  j  : !  iijistion  of  au'menter  fuel. 


DESCRIPTION  OF  TEST  ARTICLE 

The  NSS  used  during  the  testing  is  shown 
in  Figure  1.  The  aircraft  was  positioned  in 
the  NSS  such  that  the  aft  portion  of  the  air¬ 
craft  Is  Inside  of  tne  secondary  enslosure 
(see  Figure  2).  The  primary  air  intake  muf¬ 
flers  (PAIM)  were  positioned  In  front  of  the 
aircraft  engine  Inlets.  The  PAIM  reduces  the 
noise  produced  by  the  engine  compressor,  which 
Is  medium  to  high  frequency  and  requires  mini¬ 
mal  acoustic  treatment  to  achieve  the  required 
noise  reduction.  The  secondary  air  Intake 
seals  around  the  aft  portion  of  the  aircraft 
and  provides  an  acoustically  treated  path  for 
the  cooling  air  which  mixes  with  the  engine 
exhaust  In  the  augmenter.  The  augmenter.  In 
conjunction  with  the  engine,  acts  as  an  edu¬ 
ctor,  causing  the  ambient  air  to  flow  through 
the  secondary  air  Intake  and  mix  with  the 
engine  exhaust.  The  augmenter  is  sized  to 
bring  In  sufficient  cooling  air  and  cause  ad¬ 
equate  mixing  prior  to  being  discharged  in 
the  exhaust  muffler.  The  exhaust  muffler 
directs  the  exhaust  vertically  to  obtain  noise 
attenuation  by  spherical  dispersion  and  In¬ 
cludes  acoustical  baffles  for  additional  noise 
reduction.  In  the  forward  part  of  the  augmen¬ 
ter  are  cooling  tubes  which  spray  water  into 
the  exhaust  to  limit  the  temperatures  In  the 
exhaust  muffler  to  800°F  during  afterburner 
operation  of  the  engine.  The  water  and  water 
tubes  also  break  up  the  engine  exhaust  which 
reduces  the  formation  of  low  frequency  noise 
which  is  otherwise  difficult  to  attenuate. 


INSTRUMENTATION  AND  DATA  REDUCTION  PROCEDURES 

The  NSS  was  instrumented  with  nine  3/8 
Inch  diameter  hydrophones,  one  high  temper¬ 
ature  microphone,  and  two  accclcromclcrs. 
Hydrophones  were  used  because  of  their  excel¬ 
lent  frequency  response  characteristics  and 
are  typically  used  In  blast  and  shock  measure¬ 
ments.  The  location  of  the  Instrumentation  Is 
shown  in  Figure  2.  A  complete  description  of 
the  data  acquisition  Instrumentation  Is  given 
in  Reference  1.  All  data  were  continuously 
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recorded  on  one  fourteen  channel  tape  record¬ 
er.  I  he  magnetic  data  tapes,  recorded  during 
testing,  were  analyzed  on  a  General  Radio  Ana¬ 
lyzer  and  Raytheon  computer.  Overall  pressure 
levels  were  measured  with  one-third  octave 
band  and  narrowband  analyses  performed  for 
selected  transducers  and  test  conditions. 
Further  details  concerning  calibration  and  da¬ 
ta  reduction  procedures  are  given  in  Reference 
1. 


TEST  PROCEDURES 

Data  were  obtained  by  the  surveys,  identi¬ 
fied  in  Table  I  as  Runs  1  through  10,  which 
include  the  conditions  at  which  the  aircraft 
was  operated.  All  the  runs  were  conducted 
without  an  engine  shutdown.  Run  number  1  in¬ 
cluded  running  the  engine  in  all  stages  of 
augmenter  to  establish  baseline  data.  Runs  2 
through  10  attempted  to  simulate  augmenter 
blowouts  and  auto  Ignitions  by  delaying  aug¬ 
menter  ignition.  Throttle  advances  to  each 
zone  of  augr'>nter  power  were  conducted  with  a 
one  second  igniter  delay.  Runs  2  through  6 
did  not  result  In  an  explosion.  With  the  ig¬ 
niter  set  for  a  3  second  delay,  the  throttle 
was  advanced  from  military  power  to  zone  2. 
with  no  explosion  (Run  number  7).  The  throt¬ 
tle  was  then  snapped  from  idle  to  zone  3  (Run 
number  8)  and  then  from  Idle  to  zone  5  (Runs 
number  9  and  10)  to  prevent  the  augmenter 
fuel  from  being  ignited.  Only  Runs  9  and  10 
resulted  in  an  explosion  (the  desired  simul¬ 
ation).  During  Run  10,  the  bolts  at  the  lower 
left  end  of  the  upper  door  stiffener  truss 
were  broken  (Figure  1). 


TEST  RESULTS 

Two  successful  augmenter  blowouts  were 
acnleved  by  snapping  the  engine  throttle  from 
Idle  to  zone  5  afterburner  with  a  3  second 
augmenter  igniter  delay  (Runs  9  and  10,  see 
Table  I).  Figure  3  through  5  present  pressure 
versus  time  plots  from  Run  10.  These  data  in¬ 
dicate  that  at  least  two  fan  stalls  and  two 
compressor  stalls  occurred  before  the  engine 
throttle  was  backed  off.  This  sequence  of 
stalls  could  have  been  repeated  many  more 
times  [2],  but  were  stopped  for  the  purposes 
of  this  test  program.  These  stalls  had  a  du¬ 
ration  of  approximately  100  milliseconds  at 
locations  in  the  secondary  enclosure  (Figures 
3  and  4).  The  predominant  stall  cycle's  du¬ 
ration  is  shorter  at  locations  in  the  PAIM 
than  in  the  secondary  enclosure  (40  milli¬ 
seconds,  Figure  5).  This  is  significant  be¬ 
cause  there  is  more  energy  in  a  waveform  which 
has  a  longer  duration  when  compared  to  another 
waveform  of  the  same  pressure  rise  but  smaller 
duration.  A  wave  of  longer  duration  will  show 
stronger  low  frequency  components  that  are  Im¬ 
portant  with  regard  to  structural  response  and 
integrity.  This  will  be  shown  later.  These 
data  and  other  unpublished  data  [2]  show  that 
the  propagation  velocity  of  the  overpressure 
pulses  is  approximately  equal  to  the  ambient 
speed  of  sound. 

Large  differences  in  pressure  and  waveform 
were  seen  in  comparisons  between  plots  for 
which  an  augmenter  blowout  was  achieved  to 
plots  were  a  blowout  was  not  achieved  [1]. 

Data  from  Reference  3  with  engine  operation  In 


TABLE  I 

Summary  of  Test  Runs 

Run 

No. 

Throttle 

Setting 

Subsequent  Throttle 
Moveeient 

Augmenter 

Igniter 

1 

Military 

All  flvt  augmenter 
zones 

Normal 

2 

Military 

To  Zone  1  Augmenter 

One  Second 
Delay 

3 

Military 

To  Zone  2  Augmenter 

4 

unitary 

To  Zone  3  Augmenter 

•• 

5 

Military 

To  Zono  4  Augmenter 

- 

6 

Military 

To  Zone  5  Augment er 

One  Second 
Delay 

7 

Military 

To  Zone  2  Augmenter 

Three  Second 
Delay 

8 

Idle 

To  Zone  3  Augmenter 

•• 

9* 

Idle 

To  Zone  S  Aog—nter 

- 

10* 

Idle 

To  Zono  S  Augmenter 

Three  Second 
Delay 

‘Cases  for  which  explosions  occurred 


a  normal  zona  5  afterburner  mode  are  very  sim¬ 
ilar  to  data  obtained  when  the  engine  throttle 
had  been  snapped  from  Idle  to  zone  S  after¬ 
burner.  This  Indicates  that  the  pressure  en¬ 
vironment  In  the  NSS  1$  not  Increased  by  a 
snap  throttle  movement  and  Igniter  delay  un¬ 
less  an  augmtnter  blowout  takes  place. 

The  absolute  value  of  the  largest  over¬ 
pressure  Is  plotted  against  a  ratio  of  offset 
distance  to  the  distance  from  transducer  to 

V 

the  engine  exhaust  nozzle  (^)  In  Figure  6  for 

the  hydrophones  located  In  the  secondary  en¬ 
closure.  This  figure  shows  that  the  over¬ 
pressures  are  reasonably  constant  for  the 

V 

range  of  £  ratios  measured.  Based  on  this, 

It  is  reasonable  to  assume  that  the  pressure 
over  the  upper  door  is  uniformly  distributed. 


m  mo 


FIGURE  3  Pressure-Time  Curve  for  Throttle 

Snap  from  Idle  to  A/B  5  with  3  sec¬ 
ond  Augmenter  Igniter  Delay  (Run 
10)  -  Hydrophone  1 


FIGURE  4  Pressure-Time  Curve  for  Throttle 

Snap  from  Idle  to  A/B  S  with  3  sec¬ 
ond  Augmenter  Igniter  Delay  (Run 
10)  -  Hydrophone  4 


While  It  Is  Important  to  know  how  the 
pressure  waveform  varies  with  time.  It  Is 
equally  Important  to  know  how  the  structure  of 


FIGURE  5  Pressure-Time  Curve  for  Throttle 

Snap  from  Idle  to  A/B  5  with  3  sec¬ 
ond  Aupaenter  Igniter  Delay  (Run 
10)  -  Hydrophone  10 


FIGURE  6  Nendlnenslonalized  Nozzle-to- Trans¬ 
ducer  Distance  as  a  Function  of  Ab¬ 
solute  Value  Of  Maximum  Overpres¬ 
sure  for  Hydrophones  1  through  7 
from  Runs  9  and  10 


the  NSS  Is  affected  by  the  overpressure. 

Figure  7  shows  an  acceleration  versus  time 
plot  from  Run  10  of  the  accelerometer  located 
on  the  upper  door.  Note  that  the  door  expe¬ 
riences  several  very  large  amplitude  peaks. 

Also  note  tne  large  decrease  In  amplitude 
between  the  first,  second,  and  successive 
positive  peaks.  This  decay  Is  related  to  the 
damping  by  the  concept  of  energy  dissipation 
per  cycle  of  vibration.  The  acceleration  Is 
approximately  a  damped  sinusoid  and  can  be  de¬ 
scribed  by  exponential  and  sine  terms  of  the 
-  t,  f  .t 

form  e  sin  (fpt  +  <»)  where  f^  Is  the 

damped  natural  response  frequency,  {  Is  the 
ratio  of  equivalent  viscous  damping  to  criti¬ 
cal  damping  (damping  factor),  f  Is  the 

forcing  (excitation)  frequency,  and  f  Is  an 
arbitrary  constant. 

Working  with  the  peaks  Identified  In 
I  /,  i  L  can  Ik:  shown  |11  that  the  damping 

factor  5  Is  equal  to  0.005.  This  factor  is 
important  because  the  resultant  motion  of  tin- 
upper  door  depends  on  the  amount  of  damping 
existing  in  the  door  and  surrounding  structure. 
The  period  of  oscillation  T  Is  the  time  re¬ 
quired  for  the  door  to  repeat  Its  motion.  The 
spacing  of  peaks  tQ,  tj ,  t^  shows  that  the 

period  (equal  intervals  of  time)  was  approxi¬ 
mately  0.65  seconds,  which  corresponds  to  a 

response  frequency  (f .)  of  1.5  hertz  (T  *  i  ). 

0  d 

This  was  the  upper  door's  response  frequency 
after  the  stiffener  bolts  had  been  broken. 
Because  the  breaking  of  these  bolts  detached 
the  stiffener  at  one  end,  the  upper  door's 
stiffness  and  natural  frequency  were  reduced. 
Therefore,  it  was  necessary  to  calculate  the 
natural  frequency  of  the  upper  door  before 
the  bolts  broke. 

Using  the  peaks  identified  in  Figure  7  as 


H  and  N  suggests  that  the  upper  door's  natural 
frequency  before  the  pressure  pulse  broke  the 

bolts  was  approximately  7  hertz  (g-jjg) .  An 

analysis  performed  in  Reference  1  verifted 
that  this  frequency  of  7  hertz  was.  In  fact, 
the  upper  door’s  natural  frequency  before  the 
bolts  were  broken.  For  this  analysis,  the 
upper  door  was  modeled  as  a  rectangular  plate 
consisting  of  two  freely-supported  edges  and 
two  free  edges.  The  approximate  frequency 
expressions  of  Warhurton  wore  used  [A]. 

Figure  0  through  10  show  the  power  spec¬ 
tral  density  (1  hertz  bandwidth)  for  three 
hydrophones  from  Run  10.  Consideration  of  an 
envelope  for  the  PSD's  In  Figures  B  and  9  re¬ 
veals  two  distinct  regions.  At  the  very  low 

2 

frequencies,  the  spectrum  varies  as  f  ,  so 
that  the  spectrum  rises  at  6  dB  per  octave 

up  to  a  maximum  frequency  of  hertz 

as  given  in  Reference  5.  Above  this  maximum 
frequency  comes  a  range  over  which  the  spec- 

p 

trum  Is  Inversely  proportions’  to  f  and  its 
value  falls  at  6  dB  per  octave.  The  duration 
of  the  pulse  At  for  the  hydrophones  located 
In  the  secondary  enclosure  (1  through  7)  was 
found  to  be  approximately  100  milliseconds 
(Figures  3  and  4)  which  should  yield  a  maxi¬ 
mum  frequency  of  5  to  6  hertz  (  T&, 
Figures  8  and  9  do  show  peaks  In  this  fre¬ 
quency  region.  Frequency  peaks  in  this  region 
are  Important  for  structural  response,  this 
being  the  region  where  significant  resonance 
amplification  might  be  expected  from  funda¬ 
mental  modes  of  the  NSS.  Since  It  Is  the  low 
frequencies  that  have  been  Increased,  It  Is 
expected  that  the  stress  levels  produced  by 
the  peak  overpressures  In  the  structural 
elements  of  the  NSS  will  also  be  Increased. 


FIGURE  7  Acc«lerat1ofl-T1m»  Curve  for  Throttle  Snap  from  Idle 
to  A/B  5  with  3  Second  Augmenter  Igniter  Delay 
(Run  10)  for  Accelerometer  1  Located  on  Upper  Door 
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FirjjRC  n  Acoustic  Power  Spectral  Density 

Distribution  Obtained  from  Throttle 
Snap  from  Idle  to  A/8  5  with  3  sec¬ 
ond  Augmenter  Igniter  Delay  (Run 
10)  -  Hydrophone  1 


Figure  S  shows  that  the  peak  in  the  fre¬ 
quency  spectrum  of  the  pressure  pulse  measured 
on  the  upper  door  was  between  4  and  6  hertz. 
The  dynamic  effects  of  the  upper  door  to  the 
pressure  pulse  must  be  considered  since  the 
excitation  frequency  (4  to  6  hertz,  fp)  was 

approximately  1/3  to  1/2  of  the  upper  door's 
resonant  frequency  (7  hertz,  fd).  This  means 

that  the  deflection  (or  acceleration)  which 
was  caused  by  the  pressure  pulse  must  be  mul¬ 
tiplied  by  a  factor  to  obtain  the  dynamic  re¬ 
sponse  of  the  upper  door.  This  ratio  of  maxi¬ 
mum  amplitude  (or  maximum  acceleration)  divid¬ 
ed  by  the  amplitude  (or  acceleration)  caused 


FflCtf.t*  t  u| 

FIGURE  9  Acoustic  Power  Spectral  Density 

Distribution  Obtained  from  Throttle 
Snap  from  Idle  to  A/B  5  with  3  sec¬ 
ond  Aujpenter  Igniter  Delay  (Run 
10)  -  Hydrophone  4 


by  the  pressure  pulse  equal  to  the  disturbing 
pressure  pulse  was  equal  to: 

1 

F.  ■ - 

(  C  1  -  (4P)2  l2  +  C2  C-IP-12  )0,5 

fd  fd 

This  term  normally  is  referred  to  as  the  mag¬ 
nification  factor  or  frequency  response  func¬ 
tion. 


FIGURE  10  Acoustic  Power  Spectral  Density 
Distribution  Obtained  from  Throt¬ 
tle  Snep  from  Idle  to  A/B  5  with 
3  second  Augnenter  Igniter  Delay 
(Run  10)  -  Hydrophone  10 


~'G  magnification  factor  for  the  funda¬ 
mental  mode  ras  been  plotted  in  Figure  11  with 
the  upper  dcor  modeled  as  a  single  degree  of 
freedom  system.  This  figure  shows  the  effects 
of  various  frequency  ratios  on  the  amplitude 
for  a  damping  factor  $  of  0.085  when  the  door 
is  subjected  to  a  uniformly  distributed  pres¬ 
sure.  For  comparison,  the  damping  factor  of 
0.3  was  also  plotted.  Note  that,  as  the  fre¬ 
quency  ratio  is  increased  to  one,  the  magni¬ 
fication  factor  increases.  Also  note  that  the 
lower  the  damping  factor  the  higher  the  magni¬ 
fication  factor.  For  the  present  case  two 

frequency  ratios  can  be  considered  (^  •  0.57 

and  j  ■  0.86)  at  the  damping  factor  of  0.065. 

Figure  11  shows  that  the  magnification  factor 
for  thase  two  frequency  ratios  are  approxi¬ 
mately  2  and  4.5.  This  means  that  the  dynamic 
response  of  the  upper  door  was  2  to  4.5  times 
the  static  response.  If  the  pressure  pulse 
had  been  applied  statically  to  tha  upper  door, 
it  would  be  deflected.  However,  since  the 
excitation  frequency  was  close  to  the  door's 
natural  frequency,  the  actual  daflectlon  was 
inertased  In  proportion  to  this  magnification 
factor. 
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FIGURE  11  Dynamic  Magnification  Factor  with 
Respect  to  Ratio  of  Forcing  Fre¬ 
quency  and  Natural  Frequency  of 
Upper  Door 


CONCLUDING  REMARKS 

The  experimental  Investigation  reported 
herein  Indicates  the  following  conclusions: 

1.  A  fundamental  mode  (7  hertz)  of  the 
noise  suprossor  system's  (NSS's)  secondary 
enclosure  upper  door  was  excited  by  an  aug- 
menter  blowout  In  which  the  engine  throttle 
was  snapped  from  Idle  to  maximum  afterburner 
with  a  three  second  augmenter  Igniter  delay. 
This  resulted  In  the  failure  of  the  bolts 
holding  a  stiffener  truss  on  the  upper  door. 

2.  The  maximum  overpressure  occurred  In 
the  primary  air  Intake  muffler. 

3.  The  dynamic  effects  of  the  upper  door 
must  be  considered  since  the  excitation  fre¬ 
quency  of  blowout  (4  to  6  hertz)  was  close  to 
tho  NSS  upper  door  fundamental  resonance  (  7 
hertz).  Considering  these  dynamic  effects 
showed  that  the  dynamic  response  of  the  upper 
door  was  2  to  4.5  times  the  static  pressure. 
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BLAST  AND  FRAGMENT  RESISTANT  SYSTEMS  (BFR)  -  TEST  RESULTS 
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ABSTRACT 

A  description  with  sketches  is  given  of 
the  Blast  and  Fragment  Resistant  (BFR)  wal¬ 
ling  system,  which  consists  of  formed  metal 
sheets  joined  together  to  constitute  both  the 
permanent  formwork  and  the  reinforcement  to 
the  concrete,  which  is  poured  into  the  void 
between  the  sheets.  Tests  are  described  and 
results  outlined  which  were  carried  out  with 
a  460  kg  (1000  lb)  GP  air  bomb,  RPG  7,  68  ram 
aircraft  rocket,  explosive  charges  and  mines. 
All  tests  results  were  successful  within  the 
design  criteria.  A  static  flexural  test  is 
also  described. 


SYSTEM  DESCRIPTION 

The  patented  Blast  and  Fragment  Resist¬ 
ant  (BFR)1  walling  system  is  f.  composite  con¬ 
struction  of  steel  and  concrete,  designed  to 
provide  protection  against  weapon  effects  in 
a  more  cost  effective  manner  than  does  con¬ 
ventional  reinforced  concrete  designed  for 
protection. 

The  basic  component  of  the  BFR  system  is 
a  wall  element  shown  in  Figure  1,  consisting  of 
interlocked  external  sheets.  The  two  faces 
are  tied  to  each  other  by  diagonal  panels 
shown  in  Figure  2  which,  in  zig-zag  fashion, 
form  the  lattico-work  of  a  rigid  mould  into 
which  concrete  is  poured. 

The  sheets,  which  are  presently  available 
in  three  thicknesses,  0,8,  1,0  and  1,2  mm, 
provide  the  necessary  reinforcement  to  the 
concrete.  The  sheets  are  presently  rolled  in 
three  modules  :  200  mm,  250  mm  and  300  mm 
thick  walls.  The  standard  sheet  profile  Is 
shown  in  Figure  3. 

The  sheets  are  pre-cut  to  dr  .ailed  lengths, 
marked  and  delivered  to  site. 

After  conventinal  concrete  foundations  have 
been  cast  with  starting  reinforcing  bars  to 
project  and  tie  into  the  walls,  the  sheets  are 


erected  and  lined-up  against  a  kicker  angle 
fixed  to  the  footing.  __ 
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The  external  eheete  eaaily  Interlock  into 
each  other  at  their  ahaped  ribs  in  male-female 
fashion  as  shown  in  Figure  4,  The  sheets  in 
the  two  external  faces  ere  staggered  so  that 
the  ribs  eay  receive  the  lacing  panels.  These 
lacing  panels  are  slid  in  froa  the  top  and 
secured  with  self-tapping  screws.  The 
asseabled  sheets  form  a  rigid  mould  ready  to 
receive  the  concrete.  The  lacing  panels  are 
perforated  with  circular  holes  to  allow  the 
flow  of  the  fresh  concrete  through  thee. 


The  external  sheets  form  the  main  rein¬ 
forcement  to  the  concrete.  They  provide  the 
section  with  symmetrical  tensile  and  compressive 
reinforcement.  The  steel  ribs  are  deeply 
embedded  in  the  concrete,  ensuring  good  bond 
between  concrete  and  reinforcement.  The  lacing 
panels  form  a  lattice-work  properly  securing 
the  external  faces  to  each  other,  and  also  act 
as  a  uniformly  distributed  shear  reinforcement. 

The  only  reinforcement  bars  that  are 
necessary  in  the  walls  are  the  starter  bars 
from  the  foundation  walla,  and  corner  bars  at 
a  connection  between  a  wall  and  a  roof  slab. 

Into  the  rigid  steel  mould  which  has  been 
assembled  a  pumpeble  30  MPa  (6500  p.s.x.)  mix, 
with  slump  between  100  and  150  mm  is  placed  to 
complete  the  construction  of  the  walling  aystea. 
The  system  produces  a  strong,  ductile  and 
fragment  resistant  component  for  the  construction 
of  protective  walls  and  hardened  buildings.  The 
sheeting  forms  a  natural  anti-spalling  plate 
which  is  not  available  in  conventional  reinforced 
concrete  walls. 


A  sandwich  type  construction  has  also  been 
developed  consisting  of  two  walls  600  mm  apart, 
with  the  void  being  filled  with  crushed  stones 
usually  40  to  80  mm  in  else,  as  shown  in 
Figure  5. 


The  walling  system  has  been  put  to  the 

following  uses  t 

-  Protective  walls  up  to  10  m  high 

-  Above  ground  buildings  to  resist  weapon  effects 

-  Ammunition  storage  magazines 

-  Chambers  to  resist  effects  of  internal  explo¬ 
sions  ranging  from  2  to  250  kg 

-  General  protective  walling  systems  to  protect 
against  attacks  ranging  froa  purely  intrusion 
and  bullets,  to  direct  hits  froa  RFC  7  rockets, 
light  artillery  of  the  122  mm  type,  mortars 
and  general  purpose  aerial  bombs. 


SYSTEM  TESTS  AND  RESULTS 
460  ka  GP  air  bomb  at  10  a  distance 

The  sample  tested  for  the  above  criteria 
was  a  250  mm  thick,  2  a  high  BFR  wall  used  to 
fora  a  2  a  long  x  1,5  a  wide  cubicle. 

The  test  sample  wee  placed  with  the  first 
face  being  10  a  away  froa  the  centreline  of  the 
bosib  which  was  laid  on  a  wooden  trestle  1,5  a 
above  the  ground.  After  detonation  of  the  bomb, 
the  following  results  were  observed  (see 
Figure  6). 

A  number  of  large  craters  were  observed 
having  penetrated  the  first  sheet  and  the  con¬ 
crete  to  a  maximum  depth  of  40  aa.  There  were  a 
multitude  of  saall  hits  with  no  penetration.  The 
back  plate  of  the  wall  resisted  any  spalling 
and  showed  absolutely  no  signs  of  any  daaage 
or  deflection.  Daaege  to  the  first  face  was 
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Direct  Hits  of  6H  mm  Aircraft  Rocket 


Fimre  6 


local,  with  no  propagation  of  cracks.  A 
bikini  gauge  placed  on  the  inside  face  of  the 
front  wall  did  not  register  any  blast  effects. 

Direct  Hits  of  RPC  7 

The  sample  tested  for  the  above  criteria  was 
a  sandvich  section  consisting  of  a  200  mm  BFR 
wall,  a  400  mm  gap  filled  with  granite  stones 

of  40  mm  size  and  a  rear  200  nun  BFR  wall 
(see  Figure  7). 

Several  RPG  7  rockets  were  fired  at  the 
sample  from  a  distance  of  100  m. 

All  the  rockets  that  struck  the  target, 
penetrated  the  outer  200  mm  BFR  wall,  the  400  mm 
granite  stones  and  about  half  of  the  inner  200  mm 
BFR  wall,  causing  a  heavy  local  plastic  deforma¬ 
tion  on  the  exterior  face  of  the  second  BFR  wall. 
The  rear  metal  skin  of  the  wall  prevented  any 
spalling  of  the  concrete. 


The  sample  tested  for  the  above  criteria  was 
a  sandwich  section  consisting  of  200  mm  BFR  wall, 
a  200  mm  gap  filled  with  granite  stones  of  40  mm 
size  and  a  rear  200  mm  BFR  wall. 

Rockets  were  fired  at  the  sample  and  two 
direct  hits  were  registered. 

The  damage  to  the  sample  was  localized  to  the 
vicinity  of  the  hits,  with  the  exterior  metal 
skin  being  removed  by  the  blast,  and  the  exposed 
concrete  pitted  to  a  depth  of  20  to  30  mm.  There 
was  no  other  damage  to  the  sample,  and  no  evidence 
of  bulging  or  breaching  on  the  back  face.  The 
exposed  concrete  was  in  no  way  cracked.  Since 
only  the  first  leaf  of  the  sample  was  damaged  it 
can  be  inferred  that  a  single  200  mm  BFR  wall  will 
supply  100Z  protection  against  this  rocket. 

Placed  Explosive  Charges  and  Mines 

The  BFR  walls  were  also  tested  against  placed 
explosive  charges.  The  following  was  observed  : 

-  1,7  kg  PE4  plastic  explosive  shaped  charge  does 
breach  a  200  mo  thick  BFR  wall  with  a  localized 
opening  about  400  mm  x  500  mo  -  Damage  is  very 
local. 

-  1  kg  PE4  plastic  explosive  does  crater  a  200  mm 
thick  BFR  wall  (200  mm  x  400  mm  crater)  but  does 
not  penetrate  the  wall. 

-  1,7  kg  PE4  plastic  explosive  shaped  charge  does 
crater  a  300  mm  thick  BFR  wall  but  does  not 
penetrate  the  wall.  The  crater  is  about  300  mm 
in  diameter  and  80  mm  deep.  The  back  skin  of 
the  tested  wall  was  bulged  outwards  by  +  30  am 
over  an  area  of  0,5  m1. 

-  a  special  charge  (mine)  was  also  detonated  on 
the  same  300  mm  BFR  wall  sample.  This  mine 
contains  about  2  kg  of  HE  explosive  but  not 
optimally  shaped.  The  mine  caused  a  crater  of 
300  mm  x  500  mm  to  a  depth  of  100  mm.  The  back 
skin  was  bulged  outwards  by  ±  20  mm  over  an  area 
of  0,4  m’. 

Static  Moment-Rotation  Tests  conducted  on  200  mm 
thick  BFR  walling  samples 

From  the  above  blast  tests  it  becomes  apparent 
that  the  BFR  section  offers  a  great  degree  of 
ductility  and  is  capable  of  deforming  deeply  into 
the  plastic  range,  and  thus  can  resist  blast  loads 
by  absorbing  large  amounts  of  energy  in  internal 
plastic  deformation  work. 

To  assess  this  degree  of.ductility,  static 
loading  tests  were  performed^  to  determine  the  sta¬ 
tic  moment-rotation  relationship  of  the  composite 
walling  system  in  the  direction  of  the  "span"  of 
the  sheeting  system. 


Figure  7 
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Simply  supported  specimens,  2  ra  long,  were 
loaded  across  the  full  width  at  mid-span  by  a 
knive  edge  load  (see  Figure  8).  Support  rotations 
were  monitored  by  means  of  rotation  gauges  for 
support  rotations  up  to  5°  and  larger  rotations 
were  monitored  by  means  of  a  centrally  located 
deflection  gauge.  Load  was  applied  and 
recorded  through  a  Macklow  Smith  hydraulic 
testing  machine. 


Maximum  unit  bending  moment  values  were 
plotted  against  angle  support  rotation  as 
shown  in  Figure  9. 


An  angle  support  rotation  of  13,5°  was  ob¬ 
served  without  failure  at  the  plastic  hinge, 
was  not  possible  to  pursue  the  loading  curve 
as  the  midspan  deflection  of  the  specimen  had 
reached  the  maximum  clearance  of  the  testing 
machine. 


It 


It  is  interesting  to  compare  this  large 
support  rotation  (13,5°)  as  against  what  is 
normally  reported3  for  laced  reinforced  con¬ 
crete  (12°)  and  ordinary  reinforced  concrete  (2°). 


Figure  8 


Figure  9 
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CONCLUSIONS 


The  concept  of  using  composite  laced  steel 
sheet  and  concrete  as  used  in  the  BFR  walling 
system  offers  some  definite  advantages  over  the 
traditional  use  of  concrete  in  protective 
structures. 


Ductility 


The  most  important  advantage  of  the  system  is 
its  high  ductility,  as  illustrated  by  the  static 
moment-rotation  test. 


Resistance  to  blast  is  achieved  by  the  defor¬ 
mation  mechanism  of  the  structure  whereby  the 
externally  applied  energy  is  absorbed  and  con¬ 
verted  into  internal  deformation  work.  The  larger 
the  deformation  accepted  by  the  structure  with¬ 
out  failing,  the  better  its  performane  against 
blast. 


Figure  10  shows  the  comparative  energy 
absorption  capabilities  of  BFR,  laced  reinforced 
and  ordinary  reinforced  concrete  sections. 


The  high  ductility  is  mainly  the  result  of  : 


the  use  of  commercial  grade  mild  steel  for  the 
sheets;  this  allows  a  high  percentage  of  elon¬ 
gation  of  the  sheets  before  failure; 
the  lacing  arrangement  of  the  sheets  whereby  the 
lacing  panels  hold  the  compression  side  of  the 
sheets  in  position  and  prevent  the  early 
buckling  of  the  compression  side; 
the  confinement  of  the  concrete  into  triangular 
zones  which  probably  contributes  to  an  increase 
in  concrete  strength. 
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Resistance  to  Fragments 


Figure  10 


The  BFR  walling  section  has  shown  during  the 
tests  an  excellent  capability  to  resist  fragments. 
This  is  probably  due  to  the  staggered  arrangement 
of  the  external  sheets  and  the  continuous  barrier 
presented  by  the  diagonal  panels.  Also,  damage  is 
very  localised.  The  impinging  fragment  is  accep¬ 
ted  and  confined  in  the  triangular  zone  formed  by 
two  adjacent  lacing  panels,  and  concrete  des¬ 
truction  is  localized  within  that  triangular 
acceptor  zone.  Concrete  cracks  do  not  propagate 
through  the  wall. 
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Anti-Spalling 

The  external  sheets  used  as  permanent  form- 
work  are  placed  at  the  extreme  fibers  of  the 
section  and  provide  thus  natural  anti-spalling 
plates  containing  the  secondary  concrete  fragments 
which  are  customary  in  reinforced  concrete 
elements  subject  to  blast  and  primary 
fragments. 
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ASSESSMENT  OF  MODULAR  STRUCTURES  SN  BLAST  AND  SHOCK  ENVIRONMENTS 
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ABSTRACT  SYSTEM  ASSESSMENT  GUIDELINES 


Application  of  a  set  of  System  Assessment 
Guidelines  to  blast  and  shock  testing  of  modular 
structures  provided  the  basis  for  development  of  a 
comprehensive  test  and  analysis  program.  This 
program  sought  to  characterize  the  blast  and  shock 
environment,  determine  the  response  of  the  struc¬ 
ture,  and  determine  Its  predominant  modes  of 
failure. 

By  conducting  tests  and  analyzing  the  data, 
load,  response,  and  failure  mechanisms  were  deter¬ 
mined.  This  paper  will  describe  the  role  of  System 
Assessment  Guidelines  In  developing  the  objectives, 
purpose,  and  scope  of  the  program.  It  will  also 
discuss  the  testing  and  analysis  efforts  undertaken 
to  study  these  structures. 


INTRODUCTION 

Structures  designed  to  resist  the  effects  of 
blast  and  shock  are  often  required  to  protect  peo¬ 
ple  and  equipment.  However,  design  tools  to  devel¬ 
op  such  structures  are  generally  limited.  Thus,  a 
design  may  not  always  account  for  major  response 
mechanisms  or  dominant  failure  modes.  Actual  blast 
and  shock  testing  of  a  prototype  structure  will 
often  determine  If  the  proper  protection  levels  are 
attained.  The  loading  environment,  and  response 
and  failure  modes  may  also  be  determined.  Such 
testing,  however.  Is  often  expensive  and  time  con¬ 
suming,  and  the  resulting  test  data  can  still  leave 
unknowns  unanswered.  Thus,  a  comprehensive 
approach  Is  needed,  combining  field  testing,  data 
analysis,  and  optimization.  This  approach  has  been 
termed  System  Assessment  Guidelines. 

These  guidelines  have  recently  been  used  to 
develop  a  broad  evaluation  effort  to  determine  the 
suitability  of  cylindrical  and  rectangular  modular 
structures  In  providing  a  particular  level  of  blast 
and  shock  resistance.  The  evaluation  combined  a 
testing  program  and  analytical  effort  to  charac¬ 
terize  the  blast  and  shock  environment  and  to 
determine  the  loading,  response,  and  failure  mecha¬ 
nisms  of  modular,  reinforced  concrete  structures. 
Testing  consisted  of  four  separate  test  series, 
each  with  a  number  of  test  events.  Each  test 
series  was  followed  with  detailed  analysis  to 
determine  the  behavior  of  Its  particular  nodular 
structure. 


Several  areas  must  be  considered  when  con¬ 
ducting  a  comprehensive  evaluation  program.  Re¬ 
quirements,  objectives,  scope,  and  approach  must 
be  organized  in  a  manner  which  Insures  that  they 
are  all  satisfied  by  testing  and  analysis.  By 
designing  the  program  according  to  a  set  of  gener¬ 
al  System  Assessment.  Guidelines,  appropriate  test¬ 
ing  and  analysis  efforts  can  be  assured. 

The  basis  for  Lhe  system  assessment  efforts 
starts  with  Identification  of  the  function  and  re¬ 
quirements  for  the  structure.  Three  components 
must  be  defined:  (l)  the  environments  that  the 
structure  must  function  In,  (?)  the  basic  struc¬ 
tural  configuration  to  perform  the  required  func¬ 
tions,  and  (3)  the  load  and  response  mechanisms. 

Knowing  any  two  components  allows  for  solu¬ 
tion  of  the  third.  Thus,  three  types  of  system 
assessment  problems  may  be  formulated.  The  first 
type  of  problem  consists  of  a  specific  environment 
and  a  given  maximum  level  of  response.  The  solu¬ 
tion  to  this  problem  require*  design  of  a  suitable 
structure  or  system.  The  second  begins  with  an 
environment  and  a  predetermined  system.  Here,  the 
solution  Involves  determining  the  resulting  re¬ 
sponse.  This  type  of  an  effort  Is  an  analysis 
problem.  Finally,  the  third  type  of  system  as¬ 
sessment  problem  occurs  when  a  system  with  maximum 
permissible  response  levels  Is  given.  To  solve 
this  problem,  the  environment  which  produces  the 
maximum  response  level  must  be  determined.  This 
type  of  problem  could  be  called  limit  analysis. 

In  any  particular  system  assessment  effort, 
any  combination  of  these  three  types  of  problems 
might  have  to  be  addressed.  Very  often  the  entire 
effort  Is  Iterative  among  all  three  problems. 

In  simple  mathematical  expressions  the  typi¬ 
cal  problem  may  be  stated  as; 


s  -  fd(E.R) 

(design) 

(1) 

R  -  fa(E.S) 

(analysis) 

(?) 

E  -  fj  (S,R) 

(limit  analysis) 

(?) 

where  S  Is  the  system  or  structure,  R  Is  the  re¬ 
sponse,  E  Is  the  environment,  and  f<j,  fa,  f]  are 
the  functions  relating  the  components  for  the 
various  types  of  problems. 
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In  an  Iterative  cycle.  Equation  2  may  be  sub¬ 
stituted  Into  either  Equations  1  or  3.  depending 
upon  the  type  of  problem.  The  resulting  system  or 
environment  would  be  used  to  drive  a  subsequent 
analysis  problem.  The  process  would  Iterate  until 
It  converges  to  the  desired  solution.  Thus,  solu¬ 
tion  of  an  analysis  problem  Is  the  key  type  of 
assessment  effort.  Figure  1  schematically  outli¬ 
nes  these  processes.  Testing  would  provide  an 
effective  tool  to  solve  the  actual  problem  at 
hand.  Since  test  data  consist  of  response  mea¬ 
surements,  testlnq  can  most  readily  meet  analysis- 
type  problems.  In  such  a  situation,  the  environ¬ 
ment  and  system  are  predetermined  and  the  response 
Is  measured.  Then,  fa  remains  to  be  determined. 
The  major  load  and  response  mechanisms  charac¬ 
terize  fa., 
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By  conducting  tests,  a  particular  system  Is 
subjected  to  a  created  envl^onmert.  The  Interac¬ 
tion  of  the  system  with  the  environment  creates 
the  loading  and  response  mechanisms  which  are 
recorded  as  test  data.  Thus,  testing  Is  appli¬ 
cable  to  all  three  types  of  problems. 


sev,-wnc  format  has  been  recently  applied  to  half- 
burled,  .modular,  reinforced  concrete  structures. 

TEST  PROGRAM 

General  structures  which  have  the  capability 
of  reslstlno  the  effects  of  high-explosive  blast 
and  shock  are  often  needed  to  provide  protection 
to  people  or  equipment.  By  applying  the  concepts 
of  the  System  Assessment  Guidelines,  a  comprehen¬ 
sive  program  for  evaluation  of  such  structures  was 
developed. 

In  this  particular  case,  the  basic  system  as¬ 
sessment  problem  was  one  of  analysis.  The  struc¬ 
ture  or  system  was  prespecified  as  being  composed 
of  cylindrical  or  rectangular  reinforced  concrete 
pipe  sections.  The  sections  could  be  assembled  In 
a  wide  variety  of  configurations  and  perform  a 
number  of  functions.  Environments  were  also  spe¬ 
cified,  based  on  the  expected  proximity  of  the 
structures  to  various  detonations.  Thus,  the 
unknown  system  assessment  component  was  the 
response. 

Therefore,  the  initial  effort  In  the  system 
assessment  process  was  to  conduct  testing  to  de¬ 
termine  the  structure's  response.  Based  on  the 
testing  results.  If  the  response  was  determined  to 
constitute  failure,  a  redesign  effort  would  cor¬ 
rect  the  problem,  followed  by  Iteration  to  an  ac¬ 
ceptable.  If  the  response  was  determined  to  be 
well  under  the  maximum  allowable  levels,  a  limit 
analysis  process  would  be  entered  to  find  the 
limiting  environment. 

Since  confidence  In  the  expected  behavior 
levels  was  low,  a  two-phased  testing  approach  was 
developed.  The  basic  system  assessment  framework 
was  modified  such  that  results  from  a  less  compli¬ 
cated  analysis  problem  would  follow  Into  a  more 
rigorous  analysis  effort.  Phase-1  tested  a  simple 
configuration  of  the  concrete  pipe  sections  with 
limited  Instrumentation.  The  test  recults  gave  an 
indication  of  the  dominant  load  and  response  mech¬ 
anisms  and  determined  which  areas  of  the  structure 
should  be  Instrumented  more  extensively  In  the 
second  phase.  Phase-2  tested  a  more  complex  ar¬ 
rangement  of  the  pipe  sections  with  a  greater 
amount  of  Instrumentation.  This  phase  used  the 
knowledge  gained  from  the  first  phase  to  determine 
the  optimum  gage  and  detonation  locations. 

With  two  structural  shapes  and  two  test  pha¬ 
ses,  the  testing  program  consisted  of  four  test 
series  named  the  Multi -Unit  Structure  Test. 


Since  testing  of  every  system  configuration 
and  environment  of  Interest  Is  generally  not  pos¬ 
sible,  the  Immediate  aim  of  the  available  experi¬ 
ments  is  to  conduct  the  tests  which  will  yield 
data  revealing  the  Important  loading  and  response 
mechanisms.  Also,  the  test  data  should  Indicate 
the  predominate  failure  mechanisms. 

By  applying  the  results  of  analysis  to  either 
design  or  limit  analysis  problems,  the  entire 
spectrum  of  system  assessment  problems  may  be  ad¬ 
dressed.  The  application  of  this  type  of  an  as- 


MUST-I:  Phase- 1;  Simple  Cylinder 
MUST-II:  Phase- 1;  Simple  Rectangle 
MUST-III:  Phase-2;  Complex  Cylinder 
NUST-IV:  Phase-2;  Complex  Rectangle 

With  limited  Instrumentation  and  test  events 
In  Phase-I,  a  relatively  small  amount  of  data  was 
generated  and  analyzed  quickly.  The  simplicity  of 
these  tests  allowed  some  measurements  of  the 
response,  given  the  structure  and  environment. 

The  resulting  Phase-2  testing  was  a  more  efficient 
use  of  resources,  based  on  the  lessons  learned  In 
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Phase-1.  Mistakes  were  minimized,  and  optimum 
test  designs  were  produced. 


MUST-1 


MUST- 1  featured  a  simple  cylindrical  struc¬ 
ture,  consisting  of  four  reinforced  concrete  pipe 
sections  with  Interior  diameters  of  8  ft  (2.4  m) 
and  covered  with  a  soil  berm  (Figure  2). 


Figure  2.  MUST-I  Test  Article 


The  blast  and  shock  environments  were  gener¬ 
ated  by  the  detonation  of  1000-lb  bombs.  Two 
types  of  environments  were  generated  for  the  test 
series.  The  first  type  of  environment  was  predom¬ 
inately  alrblast,  where  the  center-of-gravlty  of 
the  charge  was  located  on  ground  surface.  The 
other  type  of  environment  was  predominately  ground 
shock.  The  charge  was  burled  at  a  depth  where 
most  of  the  explosive  energy  would  be  coupled  Into 
the  ground,  and  the  largest  crater  would  be 
formed.  For  a  500-lb  (250  kg)  charge  weight,  this 
depth-of-burlal  Is  14  ft  (4.3  m). 


Four  test  events  were  conducted  In  MUST-I. 
They  Included  two  burled  bursts  alongside  the 
structure,  one  surface  burst  alongside  the  struc¬ 
ture,  and  one  surface  burst  on  the  longitudinal 
axis  of  the  structure.  Figure  3  shows  the  test 
layout  for  the  four  test  events. 


The  observations  Indicate  that,  at  the  ranges 
which  the  structures  were  tested,  little  damage 
occurred.  The  burled  side-on  burst  caused  some 
cracking  at  some  joints.  The  end-on  surface  burst 
produced  minor  crushing  where  the  end  cap  was  fit¬ 
ted  Into  the  end  pipe  section.  These  observations 
provide  some  Indication  of  the  possible  Initial 
failure  mechanisms. 


In  general ,  the  severest  environments  were 
produced  by  the  burled  detonations.  For  such 
bursts,  the  energy  of  the  detonation  was  estimated 
to  be  almost  completely  coupled  Into  ground  shock 
with  the  resulting  stress  waves  propagating  di¬ 
rectly  to  the  structure.  In  the  case  of  a  surface 
detonation,  a  portion  of  the  energy  went  Into  air- 
blast  and  the  remainder  Into  ground  shock.  The 
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stress  waves  from  the  ground  shock  propagated 
directly  to  the  structure.  The  alrblast  generated 
additional  stress  waves  as  It  passed  over  the 
ground  surface  and  berm.  However,  the  soil  did 
not  transmit  a  substantial  amount  of  the  alrblast 
energy  Into  ground  shock.  Thus,  the  resulting 
surface  burst  environment  was  rather  benign  in 
comparison  to  the  burled  burst  environment. 

« 

Event  •  (S) 


®  « 

Event  C(S)  Event  X  (S) 
Event  D(l) 


S  -  Surfece  turit 
8  -  Bur 1*4  Burst 

Figure  3.  MUST-I  Test  Layout 

Brkn  types  of  bursts  generated  a  variety  of 
stress  waves  which  Induced  the  major  load  and  re- 
spo  ise  mechanisms.  Extreme  motions  and  excavation 
caused  during  crater  formation  had  little  effect 
on  ;he  load  and  response  mechanisms,  since  the 
ramie  of  v.he  structure  to  the  charge  was  too 
large.  For  other  test  parameters,  such  as  dif¬ 
ferent  In  situ  soil,  larger  charge  weight,  or 
clo:  er  range,  crater-induced  response  mechanisms 
could  become  significant. 

For  burled  bursts,  the  load  and  response 
mechanisms  were  generated  by  stress  waves  travel¬ 
ing  through  the  soil.  The  dominant  Initial  load¬ 
ing  was  caused  by  the  propagation  of  a  compression 
wave  (P  wave)  from  the  source  directly  to  the 
structure.  This  wave  created  active  loading  con¬ 
ditions  on  the  lower  upstream  face  as  shown  In 
Figure  4. 

Structural  motion  away  from  the  load  provided 
relief  from  the  active  stress.  Since  the  struc¬ 
tural  motion  had  a  rigid  body  translation  compo¬ 
nent,  passive  pressures  developed  over  the  down¬ 
stream  area  to  resist  the  motion. 

Shear  loads  were  generated  by  tangential 
passage  of  the  P  wave  and  the  normal  propagation 
of  the  S  weve  to  the  structure.  Additional  loads 
were  generated  at  later  times  by  the  arrival  of 
reflected  P  and  S  waves  at  the  structure. 

The  res  il  ting  response  mechanisms  were  di¬ 
rectly  related  to  the  Identified  load  mechanisms. 
The  Initial  I  wave  loading  was  responsible  for 
producing  the  major  ovallng  response.  The  P  wave 
also  caused  r  gld  body  translation.  Shear  waves 
were  also  responsible  for  rigid  body  effects. 
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Figure  4.  Waves  produced  by  a  burled  charge 


For  the  case  of  surface  bursts,  stress  waves 
which  Induced  the  load  and  response  mechanisms  were 
generated  by  energy  coupled  directly  Into  the 
ground  and  by  alrslap  of  the  blast  wave  on  the 
ground  surface  and  berm.  Both  the  direct-induced 
and  alrslap-lnduced  ground  shock  produced  P  and  S 
waves.  Including  reflected  and  refracted  P  and  S 
waves.  However,  since  the  available  energy  pro¬ 
duced  by  the  explosion  was  apportioned  between 
ground  shock  and  alrblast,  the  magnitude  and 
severity  of  the  ground  shock  was  less  than  for  a 
burled  burst. 


Upstream-Induced  ground  shock  produced  the 
initial  loads  on  the  structure.  These  were 
followed  by  downwardloads  associated  with  alrslap- 
lnduced  ground  shock  passing  through  the  berm.  The 
upstream-induced  ground  shcok  loads  produced  the 
more  significant  response  of  the  structure. 


Although  no  failure  occurred,  the  primary 
potential  failure  mechanism  for  the  cylindrical 
sections  Is  joint  failure.  Relative  motion  between 
sections  would  have  to  be  resisted  at  the  joints  In 
shear.  The  reduced  thickness  of  the  section  to 
accommodate  the  bell -spigot  joint  and  the  absence 
of  moment  transfer  due  to  joint  dls-contlnulty 
Induced  a  weak  plane  In  the  structure.  Thus,  load 
mechanisms  which  produce  significant  relative  rigid 
body  translation  between  sections  would  be  likely 
to  Induce  a  failure  mechanism  In  the  joints. 


MUST- 1 1 


The  next  series  of  tests  were  conducted  under 
MUST-II,  These  tests  subjected  a  structure,  com¬ 
posed  of  four  rectangular  reinforced  concrete  pipe 
sections,  to  four  test  events.  The  test  scheme  Is 
shown  In  Figure  5.  Similar  to  the  MUST-I  tests, 
this  series  had  two  surface  bursts  and  two  burled 
bursts. 


Instrumentation  for  the  tests  was  similar  to 
the  MU5T-I  set  up.  Accelerometers  and  soil  stress 
gages  were  used  to  measure  the  free-fleld  environ¬ 
ment.  Interface  pressure,  strain,  and  acceleration 
gages  were  placed  on  the  structure. 


Figure  5a.  MUST-II  Test  Article 


®  Ev*nt  •(>) 


Evtnt  D  (I) 


S  -  Surfact  lurft 
»  -  >wr1»d  Burst 


Figure  5b.  MUST-II  Test  Layout 


The  observed  load  mechanisms  were  generated  In 
the  same  manner.  Both  P  and  S  waves  were  deter¬ 
mined  to  cause  the  fundamental  loading  mechanisms. 
However,  the  flat  surfaces  of  rectangular  sections 
did  not  shed  the  normal  loads  as  efficiently  as  the 
cylindrical  shapes.  Furthermore,  the  surface  area 
of  the  rectangular  sections  was  larger  than  the 
surface  area  of  the  cylindrical  sections,  providing 
greater  loading  areas.  Thus,  the  loads  on  the 
MUST-II  structure  were  more  Intense  than  the  MUST-I 
structure. 


For  burled  bursts,  the  upstream  face  was  the 
most  heavily  loaded.  The  upstream  region  of  the 
floor  was  subjected  to  a  fairly  heavy  load.  Minor 
loads  were  Induced  about  the  structure  as  It  Inter¬ 
acted  with  surrounding  soil  during  its  response. 


Due  to  the  different  structural  shape,  the 
MUST-II  structure  exhibited  different  response 
mechanisms.  Significant  rigid  body  motion  of  the 
sections  was  a  dominant  response  mechanism. 
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Another  significant  mechanism  was  flexure  of  the 
walls,  floor  and  ceiling. 

The  rigid  body  motion  component  of  the 
response  produced  observable  permanent  displacement 
in  the  structure.  Shear  loads  on  the  surfaces  of 
the  sections  produced  longitudinal  separation  of 
some  of  the  sections,  allowing  soil  from  the  berm 
to  Infiltrate  a  joint.  In  addition,  accelerometers 
on  the  structure.  In  the  plane  of  the  bomb  show 
rigid  body  motion  trends  upward  and  downstream. 
Rigid  body  motion,  moving  the  structure  downstream, 
caused  the  downstream  wall  to  flex  Inward  as 
passive  pressures  were  developed. 

There  was  an  indication  from  the  vertical 
motion  histories  that  the  structure  was  pushed 
upwards  and  then  fell  under  the  Influence  of  gra¬ 
vity,  to  cause  additional  shock  as  the  sections 
rejoined  with  the  In  place  soil. 

The  two  surface  burst  events  caused  no  signi¬ 
ficant  behavior.  The  load  mechanisms  were  similar 
to  surface  bursts  created  during  MUST-I.  The  Ini¬ 
tial  loads  were  generated  by  upstream-induced 
ground  shock.  They  were  followed  by  additional 
loads  caused  by  alrslap-lnduced  shock  waves  pro¬ 
duced  by  passage  of  the  airblast  on  tie  berm. 

The  dominant  response  mechanism  for  the  sur¬ 
face  bursts  was  flexure  of  the  walls  roof,  and 
floor.  Apparently,  Insufficient  ene  gy  was  coupled 
into  ground  shock  to  produce  slgnlflhant  rigid  body 
motion.  ' 

The  most  likely  failure  mechanisms  for  the 
rectangular  structures  would  be  a  failure  of  the 
joints.  As  with  the  cylindrical  structure,  this 
failure  would  be  due  to  either  longitudinal  rigid 
body  motion,  causing  opening  of  the  joints,  or 
downstream  translation,  resulting  In  shearing  of 
the  joint. 


Figure  Ca.  MUST  - 1 1 1  Test  Article 
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Figure  6b.  MUST-I 1 1  Test  Layout 


Additionally,  the  walls  of  the  structure  could 
be  breached,  constituting  failure.  A  breach  con¬ 
dition  might  be  approached  when  rigid  body  motion 
and  local  flexure  are  Insufficient  to  relieve  the 
loads,  and  the  capacity  of  the  wall  Is  exceeded. 

Either  of  these  failure  conditions  could  be 
produced  when  the  ground  shock  environment  becomes 
sufficiently  severe.  Such  situations  would  Include 
a  larger  charge  weight  or  closer  range. 

MUST-I 1 1  &  IV 

Based  on  the  preliminary  findings  of  the 
Rhase-1  analysis  efforts,  the  Phase-2  test  series 
were  developed.  The  MUST-I 1 1  structure  was  a  con¬ 
figuration  of  cylindrical  concrete  pipes,  similar 
to  the  MUST-I  pipes,  but  arranged  In  a  longer  tube, 
with  two  access  tubes  at  either  end  (Figure  6). 

Test  events  were  both  surface  and  burled  bursts. 
From  the  Phase-1  tests.  It  was  determined  that 
burled  bursts  would  be  used  to  test  the  structure 
Itself,  while  surface  bursts  would  be  used  In 
testing  the  entrance. 

The  MUST-IV  structure  was  similarly  built 


from  concrete  rectangular  pipe  sections.  It  was 
configured  with  a  malr,  tube  with  access  tubes  on 
either  end  (Figure  7). 

In  both  of  these  series,  the  general  load  and 
response  mechanisms  were  similar  to  their  Phase-1 
counterparts.  However,  due  to  the  bends  In  the 
longitudinal  axes  of  the  Phase-2  structures,  addl- 
tlona1;  response  was  expected.  Also,  the  existence 
of  a  number  of  adjacent  sections  Implied  additional 
restraint  to  rigid  body  translation. 

As  determined  In  the  Phase-1  testing,  the  bur¬ 
led  bursts  against  the  side  of  the  structure  pro¬ 
duced  the  most  potential  for  damage.  At  the  ranges 
tested,  It  was  found  that  sections  near  the  plane 
of  the  charge  tended  to  move  as  a  unit  and  were 
loaded  similarly.  The  most  severe  joint  distress 
was  generated  at  joints  away  from  the  plane  of  the 
charge.  At  these  locations,  large  relative  motions 
had  to  be  resisted  by  joints  between  sections  with 
large  differences  In  rigid  body  translation. 

In  tha  MUST-IV  structure,  relative  rigid  body 
rotation  between  the  sections  resulted  In  minor 
crushing  of  the  concrete  cover  on  the  joints.  The 
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Figure  7a.  MUST-IV  Test  Article 
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Figure  7b.  MUST-IV  Test  Layout 


MUST - 1 1 1  structure  did  not  show  this  problem  due  to 
Its  cylindrical  shape. 


equipment  may  be  damaged  during  the  response  of  the 
structure.  Such  equipment  would  have  to  be  Iso¬ 
lated  from  the  structure. 

SUMMARY 

The  results  of  the  Phase-2  test  series  could 
be  directly  applied  to  any  efforts  to  modify  the 
structure's  design.  For  the  specific  parameters 
used  In  the  respective  test  series,  the  measured 
responses  could  be  used  to  drive  a  design  problem. 
The  test  results  could  also  be  used  to  determine  If 
the  response  of  the  structure  constituted  failure. 
By  conducting  detailed  analysis  of  the  data. 
Improved  understanding  of  load  and  response  mecha¬ 
nisms  of  the  structure  In  a  particular  environment 
can  be  realized. 

The  System  Assessment  process  for  these  modu¬ 
lar  structures  began  as  a  preliminary  analysis 
problem,  using  simple  structures  in  a  given 
environment.  The  structural  response  was  recorded 
and  observed.  It  also  allowed  a  more  effective 
test  setup  for  the  more  complicated  phases  of 
testing  which  followed. 

Based  on  the  structures  In  Phase-2,  a  more 
comprehensive  analysis  problem  was  approached. 

This  particular  effort  provided  direct  Identifica¬ 
tion  of  the  behavior  mechanisms.  This  analysis  led 
to  additional  adjustments  In  the  design  and  bounds 
on  the  load  bearing  capacity  of  the  structure. 

By  having  an  organized  approach  for  evalua¬ 
ting  structures  to  withstand  the  effects  of  blast 
and  shock,  a  proper  balance  of  testing  and  analy¬ 
sis  can  be  developed.  The  System  Assessment 
Guidelines  provide  a  logical  basis  for  such  an 
evaluation.  Their  application  to  the  assessment 
modular,  reinforced  concrete  structures  In  blast 
and  shock  environment  resulted  In  a  successful 
test  program  and  a  pair  of  structures  which  are 
capable  of  performing  their  Intended  functions. 
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ABSTRACT 


An  analytic  procedure  haa  been  developed, 
using  the  classical  elastic  Timoshenko  beam  theory 
to  account  explicitly  for  shearing  deformations, 
for  defining  conditiona  under  which  reinforced 
concrete  beams  and  one-way  elabe  can  fail  in  a 
direct  shear  mode  when  subjected  to  distributed 
impulsive  loading  from  a  planar  source.  The 
theory  is  extended  to  account  for  nonuniform  loads 
similar  to  these  that  generally  exist  from  closely 
detonated  explosive  point  sources.  The  Timoshenko 
theory  has  also  been  extended  to  include  rota¬ 
tional  beam-end  restraint  to  account  for  variable 
structural  joint  conditions.  Failure  conditions 
are  investigated  in  terms  of  a  new  concept,  the 
instantaneous  shear-span  ratio. 


INTRODUCTION 

Considerable  attention  is  being  given  to  the 
design  of  buried  reinforced  concrete  structures  to 
resist  the  effects  of  blast  and  shock  forces  which 
emanate  from  planar  or  point  sources  [3-5,  9-11]. 
The  focus  of  this  attention,  lately,  haa  been  on 
the  design  for  sheering  loads  which  seem  to  be 
enhanced  by  impulsive  pressures.  This  attention 
to  shearing  phenomena  comes  with  good  reason.  As 
explosive  disturbances  are  initiated  at  increas¬ 
ingly  closer  ranges  to  structures,  the  associated 
blast  and  shock  forces  on  structural  elements 
become  higher  in  magnitude  and  generally  quicker 
in  rise  times.  Studies  [6]  have  ahown  that 
impulsive  pressure  situations  enhance  shearing 
phenomena  more  than  flexural  phenomena  in  vary 
early  times  after  the  shock  disturbance  is  ini¬ 
tiated.  Shearing  failures  associated  with  direct 
shear  at  a  support  (Figure  1)  or  a  generalised 
shear  near  a  span  interior  (Figure  2)  are  of 
interest  here. 
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Fig. 2  Generalized  Shear  Failure 


Heretofore,  most  analytic  procedures  posed  to 
assess  structural  failure  phenomena  under  impul¬ 
sive  load  conditions  have  used  continuum  flexural 
formulations  such  as  the  Bernoulli-Euler  beam,  the 
Kirchoff  plate,  and  the  Flugge  shell  theories,  or 
they  have  decoupled  the  flexural  and  shear  respon¬ 
ses  by  treating  each  as  separate,  single-degree-of- 
freedom  (SDOF)  models.  These  studies  have  ranged 
from  empirically  based  SDOF  models  [3]  to  yiald- 
line  analyses  [5,10]  or  multi-dagree-of-fraedom 
analyses  [9]  based  on  flexural  theory.  However, 
with  impulsive  loadings  of  ever  increasing 
intensity,  and  with  the  asaociatad  short  rise- 
times  to  peak  pressure,  high-frequency  charac¬ 
teristics  now  dominate  structural  response. 

Because  of  this,  it  is  important  that  the  com¬ 
putational  algori  use  used  to  understand  struc¬ 
tural  failure  unde-  impulsive  loads  also  reflect 
high  frequency  effects  in  the  equations  of  state. 
Such  is  the  caae  when  shearing  deformations  and 
rotatory  inertia  are  included  in  the  kinematic  and 
constitutive  relations.  For  example,  the  theories 
involving  the  Timoshenko  beam,  the  Mindlin  plate, 
and  the  Federhofer  arch  adequately  account  for  the 
extra  complexity  associated  with  high  frequency 
structural  response.  Recant  studies  [4,7]  have 
attempted  to  assess  predominantly  shearing-type 
failures  using  these  theories. 

This  paper  reviews  recent  developments  in  the 
failure  analysis  of  reinforced  concrete  beams  and 
one-ways  slabs  using  the  Timoshenko  theory  and 
associated  shear  and  flexure  criteria  [6,7].  The 
analytic  formulation  of  this  theory  provides  for 
an  accurate  assessment  of  the  shear  and  moment 
forces  in  a  structural  elaaant  as  a  function  of 
space  and  time.  This  formulation  can  be  shown  to 
be  an  adequate  substitute  for  the  exact  three- 
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dimensional  elastic  theory  for  frequencies  up  to 
•bout  100,000  rad/eec.  This  paper  also  addresses 
th«  notion  of  an  inatantaneoua  ahaar-apan  ratio. 
Thia  ratio  ia  a  function  of  tin a  and  provides 
anothar  dona in  in  which  to  aaeaaa  tha  interrela- 
tionahip  among  varioua  failure  mechanisms. 

Failure  curve* ,  defining  peak  praaauraa  varaua 
riaa  tine  dona ins  what a  failure*  ara  possible,  are 
developed  and  conparad  to  exparinental  evidence. 


Tha  banding  sonant  N  and  tha  tranavaraa  ahaar 
force  V  in  tha  bean  at  a  general  (action  (denoted 
•a  tha  coordinate  i)  along  tha  bean  span,  can  be 
datarninad  fros  tha  force  daforsation  relation* 


M--C  f*1 .  (l) 

V-*AG(y'-*) . , .  (2) 


ANALYTIC  MODEL 

The  claaaical  ont-diasns icnal  Baraoull i-Eular 
theory  for  flexural  vibration*  of  alaatic  be  ana 
bacona*  an  inadequate  nodal  whan  higher  soda*  need 
to  be  considered.  Thia  theory  ia  not  suitable  for 
tranavaraa  inpulaive-type  loading*  haceuaa  the 
propagation  velocity  of  tha  disturbance  approaches 
infinity  as  its  wavelength  approach**  taro.  Both 
rotatory  inertia  and  (hearing  daforsation*  bacona 
increaaingly  isportant  in  tha  higher  sodea.  A 
good  one-dimensional  nodal  for  an  •■■•••sent  of 
high  frequency  influence*  on  structural  raapona* 
ia  tha  Timoshenko  bean  nodal  [2].  An  alaatic 
Tisoahanko  baas  under  tha  action  of  a  rapidly 
applied  triangular  load  ia  analysed  in  thia  paper 
using  tha  normal  soda  method.  (Figure  3) 
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Fig. 3  Timoshenko  Beam  Model 


The  well-known  Timoshenko  aquations  are 
solved  using  tha  nsswaption  that  tha  solution  is 
characterised  by  haraonic  notion.  Thia  assumption 
allows  tha  baas  vibration  to  ba  described  by  a 
aeries  expansion  of  tha  orthogonal  sodas,  where 
the  tesporal  and  space  dependant  feature*  of  tha 
solution  are  uncoupled.  In  this  css*  tha  aolution 
is  altered  slightly  because  of  the  prasanc*  of 
elastic  rotational  beam- and  constraint*.  Tha  nor¬ 
ma?  soda  solution  is  a  function  of  a  parameter 
describing  tha  stiffness  of  the  rotational  bean- 
und  constraint.  This  parameter  show*  up  in  the 
description  of  tha  Tbaoshenko  baas  normal  and**. 
Because  there  are  Lwo  dependant  variables  in  the 
Tisoahanko  formulation,  the  bees  rotation  due  to 
bending  <t>  and  the  bean  transverse  deflection  y, 
there  will  be  two  types  of  normal  modes.  Thee* 
two  types  are  defined  as  flexure-shear  nodes  and 
thickness-shear  nodes  (7].  The  normal  nod*  solu¬ 
tion  is  presented  in  terms  of  an  orthogonal  expan¬ 
sion  of  the  normal  mode  shape  due  to  deflection, 
Yn,  and  an  orthogonal  expansion  of  the  normal  node 
shape  due  to  bending, 


and  fron  the  reported  solutions  [7]  for  homoge¬ 
neous  initial  conditions  for  the  dependent 
variables,  y  and  4, 


y(M)“  f  G.(T)sinw.(f  - T)di . (3) 

.  *».  Jo 

♦U.O"  I  c.(r)sin».(l  -  t Mr . (4) 

.  n.  Jo 


C.<0- 


(5) 


In  theae  relations  K,G,I,A,L,r, p  and  k'  are  the 
aodulua  of  elasticity,  shear  modulus,  moment  of 
inertia,  cross-sectional  area,  length,  radius  of 
gyration,  density,  and  shear  deformation  coef 
ficient  of  the  beam,  respectively.  The  parameter 
n  refer*  to  the  node  number,  so  u„  is  the  natural 
frequency  corresponding  to  the  nfc*  normal  mode. 
The  beam  is  excited  by  a  general  transverse 
pressure  q  -  q(x,t)  sr.d  a  general  applied  moment 
Ma  which  is  set  to  aero  for  thie  study. 


FAILDR2  CRITERIA 


In  this  paper  failure  is  defined  to  occur 
when  a  concrete  element  reaches  its  ultimate  load 
carrying  capacity.  Whether  thie  capacity  is 
reached  in  terms  of  a  shear  or  flexure  sMchaniam 
ia  dependent  on  the  state  of  stress  in  the  bean 
and  on  which  of  the  mechanism*  is  realised  first 
in  the  beam  response  bistory. 

Failure  in  a  flexural  mode  ia  defined  to 
occur  when  a  beam  reaches  its  nominal  bending 
capacity,  denoted  as  Mc.  This  capacity  can  be 
computed  based  on  Whitney's  stress  block  and  the 
yield  strength  of  the  reinforcement.  Criteria  for 
throe  important  classes  of  shear  failures  have 
been  proposed  (1],  end  their  distinction  described 
in  terms  of  their  relationship  to  certain  magni¬ 
tudes  of  the  shear  span  ratio.  These  criteria  are 
based  on  test  results  obtained  in  the  static  load 
domain.  These  classes  of  shear  failure  are  termed 
direct  shear,  deep-bean,  and  diagonal  tension. 

For  direct  shear,  Ve,  the  failure  criterion  is  a 
function  which  relates  direct  shear  resistance  to 
shear-alip  along  a  crack  plane,  whether  or  not  an 
actual  crack  exists.  Thia  criterion  is  valid  for 
reinforced  concrete  specimens  both  with  and 
without  a  precracked  shear  plane.  For  deep-beam 
and  diagonal  tension,  the  failure  criteria  are 
functions  of  the  shear-epan  ratio  denoted  by  the 
expression,  M/Vd,  where  d  is  the  effective  depth 
of  the  beam. 
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Th«  failure  criteria  for  Me  and  Vc  are 
uncoupled  with  regard  to  internal  force*  (i.e.  Mc 
la  not  a  function  of  the  ahear  force  and  Vc  1*  not 
a  function  of  the  banding  aonent ).  However,  the 
criteria  for  deep -beta  ahear  and  diagonal-tana  ion 
are  functiona  both  of  the  bending  moment  and  ahear 
force,  becauae  of  their  dependence  on  the  sbsar- 
apau  ratio,  Mhen  aaaeaaing  the  likelihood  of  a 
atructural  alenant  to  fail  in  a  particular  node, 
it  i*  much  eaaier  to  coapare  flexural  failurea  to 
direct  ahear  failure*  becauae  of  the  decoupled 
nature  of  the  failure  criteria, 

SOIL  STRUCTURE  INTERFACE  PRESSURE 

Typically,  aoet  buried  structure  experiments 
take  aeaaureaence  at  the  interface  between  the 
etructure  and  aurrounding  geologic  aediua  with  the 
uee  of  interface  preeeure  gagea.  Theae  interface 
preeeurea  can  reveal  a  great  deal  about  the  struc¬ 
tural  response  and  failure  nodes  of  burled  rein¬ 
forced  concrete  eleaents  by  displaying  the  spatial 
and  teaporal  character  of  the  interface  loading. 
For  example,  expansive  planar  loads  tend  to  engulf 
a  structure  with  a  plane  wave,  and  the  interface 
pressure  is  typically  uniform  along  the  span,  aa 
shown  in  Figure  4a.  In  contrast,  point  source 
interface  loadings  are  highly  localised  becauae  of 
a  much  smaller  energy  source  compared  to  the  pla¬ 
nar  case.  Pressure  distribution*  tend  to  be  oonu- 
niform  and,  more  or  less,  proportional  to  the 
inverse  of  the  square  of  the  distance  between  the 
point  source  and  structure  as  shown  in  Figure  4b. 


NONUNI FORH  PRESSURE 
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Fig. 4  Symmetric  Interface  Pressure  Distributions 


For  a  uniform  pressure,  the  fora  of  Equations  3-5 
is  considerably  simplified  becauae  thw  external 
load  will  be  a  constant  in  the  spaca  domain.  The 
nonunifora  pressure  from  a  point  source  ia  more 
difficult  because  the  pressure  varies  with  apace 
for  all  times;  hence  the  resulting  integrations 
involved  in  Equations  3-5  are  onaroua.  Interface 
pressure  record*  for  a  typical  planar  wave  [8]  are 
shown  in  Figure  5,  and  those  for  a  typical  point 
source  [12]  are  shown  in  Figure  6. 


INTERFACE  PRESSURE 
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Fig. 5  Interface  Pressure  From  Planar  Wave 


Fig. 6  Interface  Pressure  From  Point  Source 


NUMERICAL  EXAMPLE 

It  is  interesting  to  compare  various  failure 
modes  of  a  given  reinforced  concrete  element  to 
impulsive  loadings  from  a  planar  source  and  from  a 
point  source.  This  can  be  don*  quit*  conveniently 
for  the  two  modes  of  failure  claaaifled  as  direct 
ahaar  and  flexure.  To  accomplish  this,  a  com¬ 
parison  is  made  between  normalised  shear  and 
moment  at  a  beam  support  (x-0)  as  a  function  of 
time.  The  moment  and  shear  are  normalised  to 
their  respective  nominal  strength  capacities,  Mc 
and  Vc,  It  is  then  possible  to  determine  whether 
the  beam  is  expected  to  fail  in  direct  shear 
before  it  fails  in  flexure. 

An  example  beam,  with  nominal  mechanical  and 
geometric  properties  a*  shown  in  Table  1,  is 
selected  for  this  analytic  comparison.  These 
results  ars  based  on  an  analysis  of  the  accuracy 
and  convergence  of  the  normal  mode  solution 
reported  [7].  The  first  twenty-one  modes  were 
shown  to  provide  convergence  for  the  example 
problem  discussed  herein.  This  number  of  modes 
was  necessary  because  the  higher  modes  are 
strongly  influenced  by  the  beam  shearing  defor¬ 
mations.  The  highly  impulsive  nature  of  the 
loading  excites  the  shearing  deformations  because 
they  are  associated  with  the  higher  frequency 
thickness-shear  modes  alluded  to  earlier.  By  con¬ 
trast,  the  moment  relationships  converged  by 
considering  eh*  first  seven  modes. 


TABU  l.—fasmpls  HsjnForceS  Concrete  Beam  PtoptrU—  • 


Parameter 

0) 

i  ii  niii ■  ..'jim-jrag 

Dimension  or  value 
(2) 

Length  (L) 

114  m  (44.75  in.) 

Thicknw  (A) 

0  IS  m  (7.2$  in.) 

V»m  drntily  (p) 

2,400  kg/m’  (ISC  pcf) 

Sh**r  modulus  (C) 

13,800  MP*  (2  x  1(P  pu) 

Modulut  of  »U«ticitv  (E) 

33. 100  MP*  (4.8  «  lCT  pti) 

Shf*r  deformation  ccwtfment  (A ' ) 

0  822 

Pouton’t  r*Ho  (►) 

0.20 

Direct  their  c*padtv  (V'«> 

4.140  kg  (13.500  lb) 

Ultimile  moment  capacity  (M.) 

370  kg-m  (32.400  in  4b) 
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Figure  7  shows  a  plot  of  tha  normalised  sup¬ 
port  ahaar  (v/Vc)  and  no tma Iliad  aupport  banding 
aoaant  (tt/Mc)  varaua  tima  for  a  uniformly  distri- 
butad  praaaura  with  a  temporal  variation  aa  shown 
in  Figura  3,  for  tha  auiplo  alaatie  ha  am.  Tha 
plot  is  for  a  fixed  baaa  and  condition  and  for  a 
given  risa  tima  and  load  duration  aa  shown. 

Savaral  important  aapacta  of  thaoratical  bean 
behavior  can  be  seen  in  thia  plot.  In  tha  figure, 
tha  tins  at  which  V/Vc  -  1  la  denoted  aa  t'  and 
tha  time  at  Which  M/Me  -  1  is  denoted  as  t".  At 
early  times,  tha  normalised  shear  curves  Increase 
at  a  higher  rata  than  the  normalised  moment 
curves.  However  at  later  tines,  tha  normalised 
moment  curves  increase  faster  than  the  nomaliaad 
shear  curves.  Therefore,  the  occurrence  of 
failure  in  either  direct  shear  or  bending  depends 
on  whether  the  failure  threshold  (V/Vc  and 
M/Mc  equals  one)  intersects  these  curves  at  an 
early  or  a  later  time,  respectively.  Figure  7 
shows  a  condition  where  an  early  time  direct  shear 
failure  is  indicated  (t*  <  t"). 


Fig. 7  Normalized  Forces  For  Fixed-End  Beam 


The  degree  of  the  restraint  at  the  beam  ends 
is  another  important  parameter  that  affects 
elastic  failure.  Figure  8  shows  a  plot  of  nor¬ 
malised  support  shear  and  moment  versus  time  for 
the  example  beam  for  a  beam  end  restraint  stiff¬ 
ness  of  E  -  4EI/L.  This  restraint  corresponds  to 
the  rotational  resistance  offered  by  a  wall  with 
the  same  properties  and  length  as  the  beam,  aa 
shown  in  the  schematic  in  Figure  8.  A  comparison 
of  Figures  7  and  8  illustrates  the  influence  of 
end  restraint  on  the  time  parameters  t*  and  t*. 

In  early  time  shear  forces  become  more  dominant 
over  bending  moments  at  the  support  as  the  beam 
end  restraint  decreases. 

The  transition  from  a  predicted  direct  shear 
failure  to  no  shear  failure  occurs  whan  t'  -  t". 
If  this  transition  for  different  combinations  of 
rise  time  tr  and  peak  pressure  F0  (for  an 


Fig. 8  Normalized  Forces  For  Elastic-End  Beam 

idealised  triangular  load  shape  in  the  time 
domain)  is  plotted  u  the  P„  versus  tr  domain,  a 
series  of  points  results  which  deacribes  a 
"failure  curve."  Typical  failure  curves  for  the 
example  beam  with  fixed  ends  are  shown  in  Figure 
9.  These  curves  separate  tha  peak  pressure  versus 
rise  time  domain  into  two  regions.  Combinations 
of  peak  pressure  and  rise  time  which  lie  in  the 
region  above  a  failure  curve  define  a  loading  for 
which  analysis  indicates  a  direct  shear  failure. 
Points  that  lie  in  the  region  below  the  failure 
curve  describe  load  parameter  combinations  which 
will  cause  either  a  bending  failure  or  no  failure 
in  the  beam  or  one-way  slab. 


Fig. 9  Failure  Curves 


In  addition  to  being  sensitive  to  certain 
load  parameters  such  as  the  peak  pressure  and  rise 
time  and  to  certain  structural  parameters  each  as 
the  length-to-deptb  ratio  and  the  support 
constraints,  the  failure  curves  for  a  particular 
structural  element  are  also  sensitive  to  the  spa¬ 
tial  distribution  of  the  interface  pressure. 

Figure  9  shows  the  failure  curves  for  a  uniformly 
distributed  pressure  (Figure  5)  and  a  ooauaiformly 


distributed  pressure  (Figure  6)  where  eech 
pressure  distribution  hes  the  seat  peek  value  and 
temporal  distribution  (i.e.,  a  triangulsr  shape  in 
the  tine  domain).  The  location  of  the  curves  is 
to  be  expected,  with  the  nonuniform  curve  being 
higher,  since  there  is  less  energy  in  the  nonuni- 
fora  load  when  coapared  to  the  unifora  case.  The 
nonunifora  curve  also  increases  with  a  greater 
slope  then  the  uniform  curve  ae  the  rise  tiae 
increases.  This  behavior  occurs  becauss  as  the 
iapulsive  pressure  approaches  a  static  condition, 
more  and  aore  of  the  nonunifora  pressure  energy 
needs  to  be  concentrated  near  the  support  tor  a 
direct  shear  failure  situation. 

The  instantaneous  shear-span  ratio,  M/Vd,  is 
a  function  of  tiae  because  of  the  teaporal  nature 
of  the  quantities  M  and  V.  It  is  interesting  to 
look  at  this  quantity  and  its  relationship  to  the 
static  quantities  used  in  design  procedures  El]. 
Figure  10  shows  a  plot  of  the  instantaneous  shear- 
span  ratio  versus  tiae  for  the  example  bean  and 
the  load  paraaeters.  The  two  curves  are  both  for 
a  uniformly  distributed  pressure,  but  differ 
according  to  two  different  beaa-end  reatraint 
conditions.  If  the  direct  shear  failure  tiae  (fc*) 
for  these  load  conditions  is  taken  froa  Figure  8 
for  the  elastic  end  condition  and  froa  Figure  7 
for  the  fixed-end  condition  and  superposed  on  the 
time  scale  of  Figure  10,  it  is  saen  that  the  value 
of  the  quantity  M/Vd  that  corresponds  to  direct 
shear  failure  ranges  froa  0.1  to  0.22.  These 
transient  values  of  M/Vd  are  less  than  the 
suggested  value  of  0.50  for  a  direct  shear  failure 
froa  static  data  [1],  but  they  pertain  to  only  one 
set  of  temporal  and  spatial  (in  this  case  uniform) 
load  parameters. 


Fig. 10  Instantaneous  Shear-Span  Ratio 

For  nonunifora  loads,  especially  where  the 
peak  pressure  is  located  closer  to  the  center  of  a 
slab  and  away  froa  a  support,  the  analytic 
assessment  of  failure  is  more  difficult.  To 
assess  a  failure  in  the  interior  portions  of  a 
slab,  the  procedure  described  here  takes  on  an 
extra  variable — the  location  of  the  failure.  To 
accoaplish  this,  the  normalised  shear  and  moment 
quantities  are  monitored  in  the  time  doaain  and 
along  the  length  of  the  beaa  or  slab.  As  soon  as 
either  quantity  exceeds  a  value  of  unity,  both  the 
location  and  time  of  failure  are  catalogued.  This 


procedure  results  in  a  aeries  of  failure  curves, 
each  repreaenting  a  different  location  on  the 

beaa. 

An  indication  of  the  adequacy  of  the  failure 
curve  approach  is  seen  in  Figure  11.  Points  that 
fall  above  the  curve  are  Indicated  by  analysis  to 
fail  in  direct  shear  at  a  support,  and  those  below 
the  curve  to  fail  in  flexure  or  not  to  fail  at 
all.  As  teen,  there  is  excellent  agreement  on 
this  particular  bean,  except  for  the  cases  where 
possible  nixed  nodes  are  involved.  These 
situations  nay  involve  the  other  forms  of  failure 
such  as  deep-bean  or  diagonal-tension,  and  are 
under  inveatigation. 


Fig. 11  Comparisons  of  Analysis  and  Experimental  Data 


SUMMARY 

An  elastic  Timoshenko  beaa  nodel  gives  a 
clear  and  accurate  picture  of  the  transient 
influence  of  shear  and  bending  moment  on  elastic 
failure  behavior  in  impulsively  loaded  beams  and 
one-way  slabs.  Direct  shear  failures  precede 
flexural  failures  in  the  early  transient  response 
regime  for  certain  combinations  of  load  parameters 
and  beaa  end  restraint  conditions.  The  suet 
important  load  paraaeters  affecting  the  failure 
mode  are  peak  pressure  and  rise  tine  of  the 
impulse  loading  and  the  spatial  distribution  along 
the  structural  span.  The  beam  end  restraint 
alters  the  magnitude  of  the  support  bending  moment 
nuch  more  than  it  alters  the  support  shear  force. 
Direct  shear  failure  curves  developed  from  elastic 
Timoshenko  beaa  theory  for  uniformly  distributed 
impulsive  preaeures  are  found  to  be  in  good 
agreement  with  experimental  data.  An  approach  has 
been  outlined  to  assess  the  influence  of  spatial 
distribution  on  the  eventual  failure  modes  of  a 
number  under  impulsive  pressure.  Currently  this 
work  involves  the  use  of  a  failure  curve  and  an 
instantaneous  shear-span  ratio.  The  utility  of 
these  paraaeters  for  distinguishing  other  failure 
nodes  such  as  deep-beam  shear  and  diagonal-tension 
is  being  investigated. 
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ABSTRACT 

Analyzing  the  response  of  a  burled  struc¬ 
ture  to  the  nearby  detonation  of  a  general 
purpose  bomb  is  greatly  complicated  by  the 
localized  nature  of  the  loading.  Simplified 
s lngle-degree-of- -freedom  (SDOF)  models  are 
desirable  for  preliminary  design  calculations 
and  for  vulnerability  calculations,  vhere  the 
large  plastic  deflections  make  other  analytical 
methods  more  difficult  and  less  reliable.  Two 
essential  parameters  in  the  SDOF  model  are  a 
resistance  function  and  an  equivalent  loading 
function.  A  procedure  is  developed  for  esti¬ 
mating  the  load  distribution  on  the  structure 
based  on  the  weapon  size,  Its  distance  from  the 
structure,  and  the  structural  dimensions.  With 
this  load  distribution,  a  load  factor  and  a 
resistance  function  are  derived.  The  resistance 
function  is  based  on  the  yield  lines  expected  to 
form  fo'  i  static  application  of  the  localized 
load.  Inus,  the  localized  nature  of  the  struc¬ 
tural  response  can  be  accounted  for.  Several 
examples  of  computed  structural  response  are 
compared  with  experimental  data. 

INTRODUCTION 

There  is  a  continuing  need  for  simplified 
analysis  procedures  for  the  response  of  struc¬ 
tures  to  conventional  weapons.  However,  the 
highly  transient  nonuniform  loads  are  difficult 
to  approximate  with  a  single  "equivalent" 
pressure-time  history.  Also,  the  localized 
nature  of  the  leading  causes  a  complex,  two-way, 
structural  response,  even  in  structures  that  are 
designed  and  reinforced  to  respond  as  one-way 
slabs.  The  scope  of  this  paper  will  be  limited 
to  buried  structures  so  that  fragment  loading 
will  not  be  considered. 

Simplified  analysis  methods  currently  in 
use  generally  give  overly  conservative  results 
when  used  for  design,  end  can  be  very  misleading 
and  nonconaervatlve  when  used  for  vulnerability 
calculations.  One  frequently  used  approach  to 
estimating  a  design  load  is  to  calculate  the 
peak  frec-fleld  pressure  at  the  nearest  point  on 
the  structure,  multiply  it  by  two,  and  design 
the  structure  to  withstand  that  load  statically. 
This  will,  in  almost  every  case,  lead  to  an 
overly  conservative  design.  First,  because  it 
assumes  an  elastic  response  when  some  plastic 


deformation  is  usually  allowable.  Second, 
because  it  assumes  a  reflected  pressure  duration 
that  is  long  when  compared  to  the  natural  fre¬ 
quency  of  the  responding  structural  element. 

This  is  not  usually  the  caae.  And,  finally, 
because  it  assumes  a  uniform  pressure  distribu¬ 
tion  over  the  entire  structural  element. 

Specific  procedures  for  computing  more 
reasonable  estimates  for  design  loads  are  given 
in  References  1  and  2.  Reference  1  prescribes  a 
pseudo-elastic  design  calculation  for  "moderate" 
damage  in  which  the  predicted  peak  reflected 
pressure  on  the  structure  at  the  point  nearest 
the  explosion  is  applied  as  a  uniform  pressure 
and  the  maximum  resistance  of  the  structural 
element  being  loaded  is  multiplied  by  10.  The 
multiplicative  factor  is  determined  by  the 
damage  level  for  which  the  structure  is  being 
designed.  If  the  element  Just  remains  "elastic" 
in  this  calculation,  then  "moderate”  damage  is 
predicted.  This  empirical  method  la  based  on  a 
large  data  base,  and  can  give  acceptable  results 
so  long  as  the  calculations  are  for  a  configura¬ 
tion  similar  to  the  data  on  which  the  empirical 
factors  are  based.  However,  there  is  clearly 
room  for  Improvement.  In  Reference  2  an  elasto- 
plastlc  calculation  is  performed  with  an  "equiv¬ 
alent"  uniform  load.  The  equivalent  uniform 
load  is  that  uniform  pressure  that  will  cause 
the  same  maximum  deflection  at  the  center  of  the 
loaded  structural  element  as  would  be  produced 

-3 

by  a  pressure  distribution  that  varies  as  r  , 
where  r  is  the  slant  distance  from  the  explo¬ 
sion  to  a  point  on  the  loaded  structural  ele- 
ment.  While  this  is  an  improvement,  taking  into 
account  the  nonuniform  nature  of  the  loading, 
the  results  are  still  overly  conservative  when 
compared  to  data.  One  reason  la  that  the  resis¬ 
tance  function  for  the  equivalent  uniform  load 
does  not  account  for  the  localised  nature  of  the 
response.  The  procedure  suggested  in  Refer¬ 
ence  2  corrects  for  this  by  multiplying  the  com¬ 
puted  resistance  by  1.5,  and  performing  the 
design  calculations  with  this  increased 
resistance. 

The  procedure  outlined  in  this  paper  ap¬ 
proximates  the  pressure  at  any  point  on  the 
loaded  structural  element  as  proportional  to 

r  ^  ,  where  r  is  the  slant  distance  from  the 
weapon,  and  computes  the  structural  resistance 
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based  on  yield  lines  expected  to  form  under  this 
pressure  distribution. 

ANALYTICAL  PROCEDURE 

Assuming  a  point  source  for  the  explosion, 
the  pressure  at  any  point  on  the  structure  wall 
facing  the  weapon  can  be  approxlnated  by 


*‘>  ■  V‘>  (1 1 


(1) 


where 


p(t)  -  pressure  on  the  wall  at  a  distance 
r  froa  the  weapon 

Po(t)  “  pressure  on  the  wall  nearest  the 
weapon  (distance  D) 

P  ■  perpendicular  distance  fron  the 
weapon  to  the  wall 

r  ”  slant  distance  froa  the  weapon  to 
the  wall 

External  walls  of  hardened  structures  are 
usually  long  compared  to  their  height,  and  are 
normally  reinforced  as  one-way  slabs,  heavy 
reinforcement  in  the  short  span,  or  height,  and 
light  reinforcement  In  the  long  direction.  How¬ 
ever,  the  localised  nature  of  the  loading  will 
produce  a  two-way  reaponae,  even  In  one-way 
reinforced  slabs.  The  extent  of  this  two-way 
action  depends  on  the  pros laity  of  the  weapon 
and  the  relative  amount  of  reinforcement  In  the 
short  and  long  directions.  As  a  first-cut 
approximation,  the  dimensions  of  the  responding 
area  of  the  slab  will  be  taken  as  the  arse  with 

pressures  greater  than  (0.1)  P  ,  or  the  actual 

o 

dimensions  of  the  slab,  whichever  is  sawller. 

The  resistance  of  the  slab  will  be  based  on 
a  yield  line  analysis  that  lnclules  cosqtressive 
membrane  effects  (Reference  4)  and  large  deflec¬ 
tion  tensile  membrane  resistance  as  shown  In 
Figure  1.  The  ultimate  slab  resistance,  R  , 

Is  given  by  u 


Ku  "  ^  Mi  (Z) 


where  F  Is  the  total  load  on  the  slab,  W_ 
c  c 

Is  the  total  external  work  done  by  the  applied 
load,  and  Is  the  total  work  done  by  inter¬ 
nal  forces  In  the  deforming  slab.  The  force 
and  the  work  Wg  were  calculated  by  dividing 

the  slab  Into  annuli  as  Indicated  in  Figure  2, 
assuming  the  yield  line  pattern  shown  In  Fig¬ 
ure  3.  and  calculating  the  average  load  In  each 
annulus.  To  calculate  W_  ,  the  annulus  was 


further  subdivided  as  necessary  with  a  uniform 
average  load  used  in  each  annulus  section.  Cal¬ 
culations  for  Include  compressive  membrane 

forces  in  tha  slab  and  assumes  the  yield  line 
pattern  shown  In  Figure  3.  From  Reference  4,  as 


modified  in  Reference  5, 
from! 


can  be  calculated 
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(3) 


where 


2'  -  compressive  strength  of  the 
c  concrete,  psl 


1 1  »  VlHd  “  0.00003  (f'  -  4000) 
1  0.65  <1,  <  0.85  c 


6.  -  0.83 
1  0.65 

h  -  total  thickness  of  the  slab 


a  -  ratio  of  long  to  short  span  of 
the  responding  area  of  the  slab 

6  -  assumed  midspan  slab  deflection 

at  maximum  resistance.  T  is  a 
steel  tonsils  fores  per  unit 
length  at  a  yield  section,  C# 

Is  a  compressive  steel  force 
per  unit  length  st  a  yield 
section,  Is  the  compres¬ 

sive  force  per  unit  length  In 
tha  concrete  at  s  yield  sec¬ 
tion,  primes  Indicate  forces  at 
slab  supports,  and  subscripts 
x  and  y  Indicate  directions 
(length  and  width  respectively) 
In  the  slab 

d  and  d  -  distance  from  the  compressive 

7  face  of  the  concrete  to  the 
centroid  of  the  tensile  steal 
in  tha  x  and  y  directions 

d*  and  d’  “  distance  from  the  compressive 
7  face  of  tha  concrete  to  the 
centroid  of  the  compressive 
steel  In  the  x  and  y  directions 
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The  Halting  value  of  k^.  for  one-way  action 
alaba  la  8.0. 

Lg,  L.  “  length  of  ahort  and  long  spans , 
respectively,  ft 

Atg,  A  -  total  area  of  steel  per  unit 
width  In  short  and  long  span 
directions,  respectively, 

ln.2/in. 

The  differential  equation  of  atotlon  to  be 
solved  for  the  slab  response,  y(t)  la,  from 
Reference  7: 


Figure  2.  Constant  pressure  annuli. 


Figure  3.  Yield  line  pattern. 

As  shown  In  Figure  1,  the  maximum  resis¬ 
tance,  Ru  ,  la  assumed  constant  between  eildspan 

slab  deflections  of  0.25h  and  O.Sh.  Concrete  ie 
crushing  during  the  resistance  decay  region  as¬ 
sumed  between  midspan  deflections  of  0.5h  and  h. 
At  a  raid span  deflection  equal  to  h  tensile  aem- 
brane  resistance  begins  along  a  slope  given  in 
Reference  6  as 


K’  -  k  *-tS-f&  (4) 

<12LS)2 


Kjj,  Mt  y(t)  +  R  -  F(t) 


(5) 


where 


*121 


load-mass  factor 


M  -  total  mass  of  the  responding  slab 

area 

R  -  resistance  as  defined  in  Figure  1 

F(t)  -  total  force  on  the  responding  slab 
area 

Hots  that  the  load-mass  factor  Is  computed  from 
the  nonuniform  pressure  distribution,  p(t)  , 
defined  in  Equation  1  and  the  deflected  shape, 
4(x,y)  ,  defined  as  flat  plates  bounded  by  the 
yield  lines  In  Figure  3. 
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K’  -  slope  of  tensile  membrane  region, 
pei/in. 

f  .  "  dynamic  yield  strength  of  the 

y  reinforcement  steel 


and 
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(-1) 
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(n-l)/2 


1  -  each 


Equation  5  wss  numerically  Integrated  using 
the  Nswmark  8  method.  Details  of  the  computer 
program  are  given  In  Reference  3. 

COMPARISON  WITH  EXPERIMENTAL  DATA 

Calculations  were  performed  for  s  series  of 
7  dynamic  test  described  in  Reference  3.  These 
tests  were  performed  on  burled,  reinforced  con¬ 
crete,  slabs  that  were  43  Inches  high  by  IS  feet 
long  by  4.3-  or  8. 6-inches  thick.  The  explosive 
used  wee  15.4  lb  of  C4  in  a  fsi*»l  cylinder  which 
simulated,  assuming  a  1/ 3-scale  wall,  an  aarth 
penetrating  1000  lb  bomb.  The  simulated  bombs 
were  detonated  sc  various  standoff  distances. 


REFERENCES 


Test  r«iults  art  shown  in  Table  1.  The  number¬ 
ing  scheme  le  in  keeping  with  that  in  Refer¬ 
ence  3,  and  the  range  is  the  perpendicular  dis¬ 
tance,  D  ,  between  the  center  of  gravity  of  the 
charge  and  the  slab. 

Results  of  the  calculations  are  also  shown 
in  Table  1.  Calculation#  for  ,  on  which  the 

maximum  resistance  depends,  were  based  on  the 
assumption  that  the  maximum  slab  resistance  oc¬ 
curs  at  a  midspan  deflection  equal  to  0.3  times 
the  slab  thickness.  Loads  used  in  the  calcula¬ 
tions  were  computed  using  Equation  1  with  PQ(t) 

taken  from  the  measured  data  in  Reference  3. 
Results  in  Table  1  Indicate  good  agreement  be¬ 
tween  calculated  maximum  response  and  the  exper¬ 
imental  data. 

Table  1.  Calculations  and  Data  from  Inference  3. 


feat 

No. 

llanga  (D) 
ft 

Maximum  Def lection  (in.) 
Data  Calculation 

4 

10 

0.38 

0.31 

5 

s 

2.13 

2.80 

5A 

3.75 

Breach 

12.5 

6 

5 

1.36 

1.58 

7* 

3 

0.63 

0.44 

9 

5 

2.94 

5.20 

10 

5 

1.69 

1.30 

*  Slab  7  was  8.6  iaebaa  thick.  All  other  slobs  were 
6.3  Inches  thick. 


CONCLUSIONS 

The  computational  procedura  described  here 
accounts  for  the  nonuniform  pressure  distribu¬ 
tion  on  a  burled  structure  generated  by  the 
nearby  detonation  of  an  earth  penetrating  bomb. 
The  computed  resistance  of  the  responalng  struc¬ 
tural  wall  is  based  on  yield  line  theory,  it 
includes  compressive  membrane  effects,  and  it 
accounts  for  the  localised  two-way  response  of 
the  wall.  Predicted  maximum  responses  using 
this  procedure  agree  well  with  data  from  a 
series  of  dynamic  teats  using  simulated  1000-lb 
bombs.  The  simplified  procedure  outlined  in 
this  paper  represents  a  significant  improvement 
over  those  simplified  methods  that  are  in  gen¬ 
eral  use  at  the  present  time. 
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ABSTRACT 

This  paper  presents  the  application  of 
the  nonlinear  dynamic  analysis  computer 
code,  REICON,  to  two  specific  types  of  sur¬ 
vivability  problems:  Underground  hardened 
shelters  and  runway  damage  assessment. 

The  computer  program  RRICON  was  used 
to  analyze  a  generic  reinforced  concrete 
structure  to  determine  its  survivability  at 
various  weapon  stand-off  distances.  Local¬ 
ized  shear  failure  and  flexural  response 
calculations  are  performed  using  fourth- 
order  Runge-Kutta  and  Newton-Cotes  numeri¬ 
cal  integration  techniques  to  solve  the 
differential  equations  of  motion  and 
energy.  Punway  damage  analysis  was  per¬ 
formed  for  both  vertical  and  horizontal 
buried  cylindrical  charges.  The  crater 
radius  and  apparent  center-point  displace¬ 
ment  versus  the  charge  center  of  gravity 
were  obtained  for  a  generic  concrete  runway 
section.  The  paper  concludes  that  REICON 
provides  reasonable  analytical  results  with 
a  minimum  of  data  preparation  and  computer 
execution  time. 

INTRODUCTION 

The  problem  of  predicting  response  of 
reinforced  concrete  structures  to  localized 
underground  explosives  is  rather  compli¬ 
cated  if  all  the  parameters  of  the  mate¬ 
rial,  structure  and  loading  function  are 
taken  into  account.  A  finite  element 
program  could  possibly  handle  all  the  para¬ 
meters  required  for  the  analysis;  however, 
many  of  the  parameters  associated  with  the 
dynamic  properties  of  concrete  and  soil/ 
structure  interaction  loads  are  just  not 
available.  Couple  these  problems  with  all 
the  other  standard  large  deflection,  large 
strain,  nonlinear  material,  nonlinear  geom¬ 
etry  problems;  these  codes  become  almost 
economically  prohibitive  to  run. 

This  paper  describes  a  rather  simpli¬ 
fied  computer  code  with  very  short  runninq 
time  that  uses  a  response  failure  mechanism 
based  on  the  method  of  plastic  hinges  or 
yield  lines.  A  very  brief  description  of 
the  computer  model  and  the  results  of  two 
examples  of  its  use  are  given  in  the 
following  sections. 


COMPUTER  PROGRAM 

The  computer  program  peicon  [1]  is 
based  on  energy  principles  using  static  and 
travelling  plastic  hinges  and  a  rigid  per¬ 
fectly  plastic  constitutive  relation 
between  the  hinge  moment  and  its  angle  of 
rotation.  For  flexure  the  basic  assumption 
is  that  the  failure  mechanism  is  by  plastic 
hinges;  and  failure,  defined  by  actual 
material  separatior ,  results  from  gross 
rotation  with  reinforcement  tensile  fail¬ 
ure.  Shear  failure  is  assumed  to  occur 
early  in  the  dynamic  loading  process  and  is 
based  on  a  critical  velocity  associated 
with  a  critical  impulse. 

The  flexural  response  for  plates  will 
be  described  here  briefly  and  details  of 
the  analysis  for  plates  and  beams  are 
given  in  the  references  [1-3].  The  failure 
mechanisms  for  plates  are  shown  schemati¬ 
cally  in  Figure  1  and  the  details  for  the 
plate  are  shown  in  Figure  2.  Similar  mech¬ 
anisms  are  assumed  for  beams.  Using  Figure 
2  the  equations  of  motion  for  the  assumed 
plastic  hinge  response  may  be  written.  For 
the  inclined  portions  (1)  and  (2)  the  equa¬ 
tion  of  motion  becomes 
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and  for  the  flat  portion  (3)  the  equation 
of  motion  is 


m{l-X)(l-zX)abs 
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(2) 


Edge  shear  failure,  defined  as  com¬ 
plete  severance  of  the  plate  from  the  sup¬ 
ports  at  the  edges  is  assumed  to  occur  when 
the  internal  hinge  forms  at  the  edges. 
This  may  be  analyzed  in  a  fashion  similar 
to  a  metal  beam  analysis  of  Reference  [61 
where  a  critical  velocity  for  complete 
severance  at  the  edges  is  calculated.  The 
result  of  this  analysis  gives  the  critical 
velocity  as 


.  h 

6cr  =  (2/?/3)(oud/p) 


(4) 


v/here  • 

m  mass  per  unit  area 

AR  aspect  ratio  *  b/a 

X  X|j/a 

zb  final  hinge  position 

f(t)  time  variation,  load  function 

p(x,y)  spatial  variation,  load 
function 

F  hinge  moment  multiplier, 

natural  hinge  F  =  i, 
f ixed  edge  F  =  ? 

Mu  plastic  hir.ge  moment/unit  dist. 

a ,b  plate  dimensions 

n  loading  direction, 

loaded  below  n=1.0, 
loaded  above  n=-1.0 
Xh  hinge  length 

x,y  plate  coordinates 

e  hinge  rotation  angle 

w  weight  per  unit  area 

6  center  point  deflection 

The  initial  position  of  the  hinge  may  be 
determined  by  the  initial  conditions 


eax  =  6  ) 

>t  =  0.0  (3) 

f(t)=  1.0  j 


which  is  independent  of  the  dimensions  of 
the  plate  and  depends  entirely  on  oud,  the 
ultimate  dynamic  tensile  strength  of  the 
reinforced  concrete  slab  and  the  slab  den¬ 
sity  p  .  The  critical  specific  impulse, 
Icr ,  required  to  cause  shear  failure  may  be 
expressed  as 


!cr  =  ph6cr  =  (2l/?/3)(pvud) 


(5) 


where  h  is  the  slab  or  plate  thickness. 
H3ing  a  linear  rule  of  mixtures  for  density 
and  dynamic  tensile  strength  oUf1  the  crit¬ 
ical  impulse  becomes 


cr 


(2^/3)h  |[(i-q)pc+qpr]  [(i-q)acd+qord]  r/e) 


where  q  is  the  volume  ratio  of  re ii^forcing 
element  and  subscripts  c,r  refer  f  to  con¬ 
crete  and  reinforcing  element  respectively. 
The  applied  specific  impulse  yis  given 


generally  as 
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/ 


ap 


p(t)<Jt 
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If  the  initial  response  is  a  Mechanism  2 
then  the  hinge  motion  is  towards  the  Mecha¬ 
nism  1  mode  as  shown  in  Figure  1.  The 
spatial  integration  of  Equations  (1)  and 
(2)  are  performed  numerically  using  a 
method  of  Reference  [41  and  resulting  dif¬ 
ferential  equations  are  solved  numerically 
using  a  fourth  order  Runge-Kutta  method  of 
Reference  [5].  Failure  is  assumed  to  occur 
when  a  reinforcing  element  fails  in  ten¬ 
sion.  This  criterion  is  incorporated  into 
the  computer  model. 


where  p(t)  is  the  time  varying  uniform  load 
and  t Cr  is  a  critical  time  for  shear 
response,  on  the  order  of  a  quarter  period 
of  the  fundamental  flexural  mode  or  the 
period  of  the  third  or  fourth  flexural 
mode.  When  lap  exceeds  Icr,  then  shear 
failure  at  the  edges  is  assumed  to  occur. 

For  localized  shear  failure,  a  static 
localized  hinge  mechanism  given  in  Refer¬ 
ence  [71  and  shown  in  Figure  3  was  used. 
Again  the  critical  velocity/impulse  criter¬ 
ion  was  used  in  the  following  manner. 
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BURIED  RECTANGULAR  STRUCTURES 


1.  A  loadinq  symmetric  about  either 
axis  through  the  plate  center  was 
assumed. 

•) .  Starting  with  an  initial  radius 
equal  to  the  thickness  of  the 
plate,  an  average  specific  impulse 
I  is  determined  by 


T  «  JL  rTcr/*h  r2w  p(p,r,t)d6drdt  (8) 

»h  •'0  JQJQ 


3.  If  I<Icr  then  localised  shear  is 
assumed  not  to  occur.  If  I>Icr 
then  increment  h  to  h+dh  and 
recalculate  I  until  I<ICr* 

4.  The  value  of  h+dh  where  I  is 
slightly  greater  than  Icr  becomes  the 
breach  radius  for  localised  shear. 

Localised  shear  failure  coupled  with 
flexural  response  is  of  interest  where  a 
slab  is  resting  on  soil  containing  a  local¬ 
ized  explosion.  This  problem  is  treated  by 
determining  the  breach  radius  and  then 
removing  the  breached  volume  and  associated 
loading.  The  flexural  response  using  a 
Mechanism  1  response  is  then  used  to  calcu¬ 
late  the  upheaval  of  the  remaining  slab. 

The  loading  function  is  written  gener¬ 
ally  sc  that  either  cylindrical  or  spheri¬ 
cal  explosive  shapes  may  be  used.  Details 
of  these  functions  are  given  in  Reference 
Ill  . 


A  typical  analysis  was  performed  on  a 
generic  reinforced  concrete  rectangularly 
shaped  personnel  shelter  approximately  8 
feet  high,  12  feet  wide,  100  feet  long  and 
12  inches  thick.  The  structure  wall  was 
assumed  to  behave  as  a  simply- supported 
plate  with  the  explosive  charge  fully 
coupled  into  the  soil.  The  load  on  the 
structure  was  characterized  by  an  exponen¬ 
tially  decaying  pressure-time  history  with 
a  user-defined  decay  constant.  The  spatial 
variation  of  pressure  was  characterized  by 
the  llopkinson  or  "cube  root"  scaling  func¬ 
tion  with  user  defined  constants  [Reference 
8].  The  explosive  charge  was  idealized  as 

an  uncased  spherical  charge  located  at 
various  standoff  distances  from  the  struc¬ 
ture  [Reference  9) .  Figure  4  contains  the 
complete  input  and  output  data  for  one  such 
analysis.  The  standoff  distances  (Z1  and 
Z2)  and  the  pressure  durations  were  varied 
as  the  charge  was  moved  from  10  to  40  feet 
from  the  structure  wall.  Additional  exam¬ 
ples  are  contained  in  Reference  [1). 

RESULTS  FOR  BURIED  RECTANGULAR  STRUCTURES 

The  results  of  the  individual  analyses 
are  summarized  in  Figure  5.  As  the  weapon 
is  moved  away  from  the  wall,  the  structural 
response  becomes  p-ogressively  less  until 
there  is  insufficient  pressure  to  give  a 
response.  The  fact  that  the  tension  rein¬ 
forcement  fractures  in  flexure  indicates 
that  the  centerline  deflection  is  exces¬ 
sive.  When  the  results  are  tabulated  in 
this  manner,  the  response  spectrum  is  read¬ 
ily  apparent  and  easily  quantified. 
Approximately  35  minutes  of  central  proces¬ 
sor  time  was  required  for  all  eleven  analy¬ 
ses.  Reference  [11  contains  additional 
examples  with  favorable  comparisons  to 
experimental  data. 


Weapon 

Standoff 

(feet) 

Breach 
Radius 
( inches) 

Tension 
Reinforcement 
fracture 
in  flexure 

Sax 

Centerline 
Deflection 
( inches) 

10 

48.0 

YES 

N/A 

13 

48.0 

YES 

N/A 

16 

35.5 

YES 

N/A 

19 

HONE 

YES 

N/A 

22 

NONE 

NO 

11.89 

25 

NONE 

NO 

4.83 

28 

NONE 

NO 

1.63 

31 

NONE 

NO 

0.39 

34 

NONE 

NO 

0.04 

37 

* 

ft 

* 

40 

* 

* 

# 

"Insufficient  pressure  to  give  response. 


Figure  5  Summary  of  Results 
for  a  Buried  Rectangular  Structure 
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RUNWAY  DAMAGE  ASSESSMENT 

When  an  explosive  device  is  placed  in 
the  soil  directly  beneath  a  concrete  slab, 
tho  response  may  be  one  of  the  following* 

a.  breach  or  complete  shear  of  a 
portion  of  the  slab  without  appre¬ 
ciable  damage  to  the  other  por¬ 
tions  of  the  slab, 

b.  flexural  response  usually  in  a 
Mechanism  1  mode,  or 

c.  combination  of  a  and  b. 

An  optimum  depth  of  burial  of  the  explosive 
below  the  concrete  slab  will  give  maximum 
upheaval.  This  optimum  depth  may  be  deter¬ 
mined  analytically  by  REICON  by  initially 
placing  the  explosive  device  in  contact 

with  the  slab  and  progressively  increasing 
the  distance  of  the  explosive  from  the 
slab.  At  each  depth  both  the  breach  or 
shear  radius  and  height  of  upheaval  are 
calculated.  This  calculation  was  performed 
for  an  unreinforced  concrete  slab  20  x  20 
ft,  1.0  ft  thick  resting  on  sandy  soil  con¬ 
taining  a  cylindrical  explosive  of  6.7  lb 
located  directly  beneath  the  center  of  the 
slab.  Figure  6  shows  the  results  of  this 
calculation  and  the  significant  result 
shows  that  the  optimum  depth  for  maximum 
upheaval  occurs  where  the  breach  radius 
goes  to  zero.  The  experimental  results  of 
explosive  cylinders,  inclined  at  approxi¬ 
mately  30°  to  the  slab  normal,  show  an 
optimum  depth  of  34  inches  as  compared  to 
the  average  of  approximately  35  inches  for 
the  curves  of  Figure  fi.  This  depth  is 
referenced  to  the  midplane  of  the  slab. 
All  the  necessary  data  required  for  this 
calculation  are  found  in  Reference  [1] . 


eg  position  of  explosive.  In 


Figure  6.  Breach  radius  and  height  of  upheaval  vs  eg 
of  explosive  below  midplane  of  slab. 


CONCLUSIONS 

While  finite  element  techniques  are 
very  powerful,  they  usually  require  large 
computers  and  long  execution  times.  Tradi¬ 
tional  numerical  integration  techniques 
coupled  together  with  explicit  expressions 
for  the  differential  equations  of  motion 
and  energy  offer  an  efficient  alternative 
to  solve  the  structural  response  of  non¬ 
linear  dynamic  systems.  When  one  considers 
the  accuracy  with  which  most  material  and 
loading  parameters  are  known,  time  con¬ 
suming  analytical  calculations  are  often 
not  justified.  The  computer  program  REICON 
(11  provides  a  quick  and  efficient  alterna¬ 
tive  to  large,  general  purpose  finite  ele¬ 
ment  computer  programs  and  requires  a 
minimum  of  data  preparation  and  computer 
execution  time. 
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ABSTRACT 

Stndiee  at  the  Vatervays  Eiyetlaeat 
Station  on  the  raaponae  of  reinforced 
concrete  boa-type  strnctnree  under  the 
effeota  of  ainnlated  nnolear  detonationa 
and  under  loom  lied  high  explosives 
detonations  pruvided  the  required  data 
for  oonpar ing  the  strnotnral  reaponaea. 
Analytisal  atndiea  at  the  University  of 
Ninneaota  nay  provide  additional 
in/oimstion  that  oan  be  c cabined  with 
the  azperinental  reanlta  for  explaining 
the  nature  of  the  observed  behavior  and 
the  reaaona  for  anoh  differenoea.  This 
papor  ia  aiaed  towards  highlighting  the 
two  types  of  behavior,  and  providing 
brief  disoussiona  on  the  results  of 
reoent  experimental  and  analytical 
studios. 


INUiODUCTIOfc 

Current  design  procedures  for  pro¬ 
tective  structures  to  resist  conventions 
al  weapon  at  facts  are  primarily  based  on 
nil  taohaology,  and  are  similar  to 
those  described  in  Kef.  (2).  The  quali¬ 
ty  of  a  design  procedure  oan  be  enhanced 
by  comparison  to  actual  system  behavior 
and  by  modifying  the  design  recommenda¬ 
tions  accordingly.  As  a  result  it  seems 
to  be  quite  important  to  ba  able  to  ac¬ 
curately  describe  structural  behavior 
under  the  effects  in  which  one  is  inter¬ 
ested.  At  this  time  there  axe  questions 
regarding  the  aocuraoy  of  the  descrip¬ 
tion  and  detinlticu  of  effeota  and  en¬ 
vironment,  as  presented  in  Kef.  (2)  or 
similar  documents,  but  this  issue  ia  not 
osier  consideration  in  this  paper.  One 
may  employ  information  from  other 
sources,  for  example  Kefs.  (3,10)  in 
order  to  better  define  the  anticipated 
loading  conditions,  and  to  provide  the 
designer  with  more  realistic  information 
and  recoansendationa.  Furthermore,  the 
purpose  of  this  paper  is  to  dioouss  and 
demonstrate  the  differences  in  structur¬ 
al  response  between  the  cases  that  were 


loaded  by  a  simulated  nnolear  environ¬ 
ment  and  cases  where  the  loading  was 
locally  induced  by  HE  devieea. 

Since  the  end  of  WII  moat  of  the 
reaearoh  on  hardener,  structural  raaponae 
in  the  D.8.  was  devoted  to  protection 
from  nnolear  detonationa,  and  only  in 
the  last  five  years  these  was  a  revival 
of  activity  in  the  area  of  hardening 
against  conventional  veapona.  In  order 
to  understand  the  nature  of  the  differ¬ 
ences  between  these  two  environments,  as 
related  to  blast  and  shook  effeota,  one 
has  to  study  the  expected  loading  con¬ 
ditions  that  could  be  associated  with 
auok  events,  and  to  evaluate  the  struc¬ 
tural  response  aoeordiagly.  For  nuclear 
detonations  the  blast  and  shook  will 
produce  high  intensity  stress  waves  that 
propagate  in  the  ground  and  reaoh  the 
structure  under  consideration.  The 
stress  field  will  intesaot  with  the 
entire  structure  since  the  nuclear 
offsets  are  acting  on  a  large  some  in 
the  medium  where  thu  structure  is 
located.  Under  those  conditions  one  may 
esssms  that  the  analysis  can  be 
performed  by  considering  the  variation 
of  load  (i.o.  pressure)  with  time  while 
no  significant  spatial  variation  needs 
to  be  considered,  fta  the  other  hand, 
when  conventional  detonations  are 
considered  the  pressure  wave  propagates 
from  tne  source  of  detonation  which  is 
located  near  the  structure  (in  oases 
where  the  weapon  is  fas  from  the 
structure  the  loads  are  rather  samll  dse 
to  the  steep  deosy  of  pressure  with 
distance),  and  therefore  the  applied 
loads  are  acting  on  a  relatively  small 
area  of  the  entire  structure.  The 
loading  conditions  under  cost  out local 
weapon  etfeets  axe  therefore  defined  by 
a  pressure-time  history  combined  with  a 
spatial  distributism,  and  the  nature  of 
the  structural  response  is  considerably 
different  from  that  ia  the  nuclear 
domain. 


la  orin  to  study  ud  demonstrate 
Ui  differences  la  tki  structural 
response  under  those  two  loading 
conditions  It  waa  daaldad  to  obtain  taat 
data  from  flald  experiaeats,  aad  to 
compare  analytical  vith  experimental 
raaalta,  Fortunately,  amok  taata  vara 
ooadaotad  oa  tfea  aaaa  type  of  atraotaraa 
vkara  taa  aaia  dlffaraaoaa  vara  ralatad 
to  taa  aoarca  of  loada.  Ia  tvo  aarloa 
of  taata  aavaa  ralaforoad  coaarata  box- 
type  atraotaraa  vara  subjected  to 
siauleted  aarlaar  blaat  by  eaployiag  tko 
■BBT  technique  (1,4,  aad  d),  vklla  la 
aaotkar  aorlaa  a la  liar  atraotaraa  vara 
subjected  to  tha  blaat  aad  akook  affaota 
froa  taa  datoaatloa  of  9.3kg  spherical 
Itti  oharges  (S).  Thaaa  oaaaa  vara 
analysed  by  employing  an  advanced 
siagls-dsgres-of- freedom  (BMP) 
aaaarloal  technique,  aad  tha  raaalta 
vara  coapared  to  tha  experimental 
data.  Pravloaa  atadlaa  at  tka  Uni¬ 
versity  of  Nlaaaaota  lad  to  tko  develop¬ 
ment  of  8D0F  procedural  for  studying  tko 
raapoaao  of  ralaforoad  eoaerata  strao- 
taral  ayataaa  aador  aavaro  dyaaalo 
loada,  aad  tko  raaalta  obtalaad  by  aaok 
evaluations  vara  quite  aooarato.  aa 
coapared  to  experimental  data  (1,  4,  7, 
aad  S).  Aa  a  raaalt.  It  vaa  daaldad  to 
•aploy  tka  aaaa  technique  for  tha 
aaalyala  of  tko  present  atraataral 
•paolaoaa  la  ordar  to  aaaara  that  aay 
dlfforaaoa  la  raaalta  batvaaa  tha  tvo 
cases  vill  bo  dao  to  tha  typo  of  loading 
ooaditioa  to  ba  laposad  oa  tha 
atraotaraa. 

ANALYTICAL  APPROACH 

Tha  ayataaa  aador  eoaaldoratloa  asa 
ahallov-barlad  ralaforoad  aoaeroto  box- 
typa  structure,  aa  daaoribad  la  Kafa. 

(5,  d.  aad  7).  Tha  raapoaao  aador 
aiaalatad  aaoloar  blaat  oavlroaaiaat  vaa 
dlacaaaad  la  Kafa.  (4  aad  9),  vklla  tha 
raapoaao  aador  HE  charges  vaa  praaoatad 
la  Baf.  (9).  Tha  appllaatloa  of  BMP 
techniques  for  tka  aaalyala  of  aaok 
ayataaa  vaa  dlaaaaaad  la  tafa.  (1,  4,  7, 
aad  8),  aad  la  briefly  daaoribad  aaxt. 

Tko  atraotaro  vaa  rapraaoatad  la 
the  aaalyala  by  tvo  raaiataaca  faaetloaa 
-  oaa  for  tbo  flazaral  raapoaao  aad 
aootbar  for  tha  akear  response.  la  tha 
computation  a  typical  loading  faaatioa 
vaa  appllad  to  a  BMP  ayataa  that 
laoladad  aa  effective  aaaa, 
akaraotarlatla  ayataa  damp lap,  aad  tka 
first  raaiataaca  faaotloa.  At  aaok  tlaa 
atap  various  paraaatara  vara  computed 
aad  tka  flexural  oaatral  oaaolaratloa 
vaa  uaad  to  derive  aa  affaotlva  laurtla 
forea  actlag  oa  tka  alab.  That  laartla 
forca  vaa  appllad  to  a  icaoad  SLOP 
ayataa  that  laoladad  tha  total  aaaa, 
okaraatarlatia  atraataral  daaplag,  aad 


tka  akaar  raaiataaca  faaotloa  la  ordar 
to  eoapata  tka  akaar  raapoaaa  of  tka 
alab.  Za  tkoao  oaaaa  tka  praaaara-tiaa 
hlaterloa  that  vara  employed  to 
rapraaaat  tka  loading  faaotloaa  for  tha 
floaaral  eoapatatloaa  vara  aaaaaad  to  ba 
aalforaly  dlatrlbatad  over  tka  aatlra 
alab. 

Tha  atraotaral  ayataaa  aador 
eoaaldoratloa  vara  ralaforoad  concrete 
box-typo  atraotaraa  vith  latoraal 
dlaoaaloaa  of  aboat  4  ft  X  4  ft  X  Id  ft 
(1.2  a  X  1.2  a  X  4.8  a)  aad  a  vail 
thlokaeea  of  S.d  la  (140  aa).  Tha 
aaoloar  load  alaalatloa  vaa  perorated  by 
a  llpk  Bxploalve  Blaalator  Tockalqaa 
(BUT)  applied  to  tha  coil  free  aarfaee 
located  aboat  2  ft  (O.d  a)  above  tka 
atraotaro,  vklla  tka  localised  BB 
anviroaaent  vaa  geaarated  by  tko 
datoaatloa  of  21  lba  (9.S  kg)  of 
apharioal  TNT  eherpea  at  v ariose 
koriaoatal  dlataaoos  froa  tko  aide  vail 
aid-ha igkt  poirnt.  Btractaral  aookaaiaaa 
for  tkoao  atraotaraa  have  baoa  daaoribad 
ia  tka  litoratara  (1,  4,  7,  aad  8),  aad 
tkarofora  tha  iafoxaatioa  vlll  aot  bo 
rapaatod  kora.  Never tholoaa,  tka  iaaaa 
of  the  loadiap  faaotloa  ha a  to  ba 
diacaeaed  ia  ordar  to  highllgkt  tko 
diffaaaaaaa  betveea  the  ayataa 
raapoaaaa,  aa  praaoatad  aoxt. 

For  the  aaalyala  of  tko  atraotaraa 
aador  tha  aiaalatad  aaoloar  effects  it 
vaa  aaaaaad  to  employ  a  presaare-tiae 
hiatory  vkara  tha  peak  pro a ear i  vaa  tka 
average  peak  pro a a arc  froa  all  proaeare 
gaago*.  That  load  vaa  applied  aa  a 
aalforaly  dlatrlbatad  pro a ears  over  tka 
aatlra  alab.  Whoa  tka  localised  effoata 
have  to  be  considered,  the  pravloaa 
teehaiqae  for  represaatlag  the  lands  ia 
ao  laager  aooarato  siaoe  the  preesare 
faaatioa  laaladea  a  apatial  distrlbatioa 
aa  vail  aa  a  tlaa  variation.  If  oaa 
employ i  tka  load  daflaitioa  faaotloa 
froa  the  aaoloar  doaala  for  tka 
localised  (i.e.,  eoaveatioaal)  problem, 
tka  reaaltlag  atraotaral  behavior,  aa 
represeated  by  data  from  tko  aaaa 
aaaarloal  appro* ah,  vill  ba  mash  aero 
aavaro  tksa  observed  exporlaeatally. 

This  is  a  elear  iadioatioa  that  tka 
pravloaa  approaek  for  tko  load 
daflaitioa  toads  to  overestimate  tko 
applied  loads,  aad  tkarofora  osaaot  ba 
employed  for  study lag  loealiaod  effeeta 
vith oat  faadaaoatal  e ha ages. 

Za  ordar  to  laelade  tha  affoots  of 
tka  load  apatial  distrlbatioa  oa  tka 
atraotaral  behavior  it  vaa  proposed  to 
■normalise*  tka  applied  pres  sere  through 
tha  ratio  of  tka  loaded  eras  divided  by 
the  total  area  vkiek  is  exposed  to  the 
ground  shook.  This  procedure  has  baoa 
parfesaod  by  computing  the  pressure-tine 
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histories  (m  unit  uni  of  the  slab, 
and  including  the  tina-of-arrival  of  th* 
load  at  tk«  aroa  of  iatarait .  These 
pressure*  were  integrated  over  tla 
subareas,  and  an  affective  history  «a« 
coapntad  for  tka  alab.  That  loading 
function  waa  applied  to  tba  simulated 
a true tor*  foe  eoaputini  tba  «ystsn 
raaponta. 

RESULTS 

Straotaral  raaponia  andar  simulated 
auclsar  blaat  effect*,  and  tba 
comparison  to  axperinantal  data,  la 
praaantad  in  Table  1.  A  similar 
comparison  baa  bean  par  f  on  ad  for  tba 
atrnetnrea  under  tba  affaota  of  tba 
apbariaal  TNT  charges,  and  tba  raanlta 
are  praaantad  In  Table  2.  Tbeae  raanlta 
■ay  deaonatrate  tba  effectiveness  of  tba 
propoaad  approaeb  both  for  oaaaa  in  tba 
■nciear  domain,  and  under  tba  HE 
generated  loada.  At  tbla  tin a  tba  pre- 
aant  effort  continue*  toward*  modifica- 
tion  of  tba  natbod,  and  introduction  of 
Improved  nodal*  for  loading  function* 
and  structural  raaponae.  Further 
■tudia*  will  b*  parfonad  on  tba  soil- 
structure  interaction  ia»u*. 

ACEN0WLEDUMEHI8 

Tba  author*  wiab  to  thank  Dr.  8.  A. 
Eiger  from  tba  Waterway*  Experiaant 
Station  for  hi*  cooperation.  Al«o,  tba 
aopport  of  the  University  of  Minnesota 
Conputar  Canter  is  gratefully  aoknow- 
ladgad. 

REFERENCES 

1.  Baxeos,  N.,  and  Erautha— *r.  T.,  *An 
Inproved  Nunarloal  Approach  for  tba 
Analysis  of  Eainforoad  Conorata 
Slabs  Under  tba  Effects  of  Dynaaic 
Loads*,  Structural  Engineering 
Report  No.  83-01,  Departaant  of 
Civil  and  Mineral  Enginearing, 
University  of  Minneatoa,  March  1984. 

2.  Crawford,  R.E. ,  at  al..  ‘Protection 
from  Nonnuclear  Weapons*.  Air  Fore* 
Weapons  Laboratory,  Taehaioal  Report 
No.  AFWL-TS-70-127 ,  February  1971. 

3.  Hanrych,  X.,  'The  Dynaaic s  of 
Explosion*,  Blsaviar  1979, 

4.  Holnqulst,  T.X.,  and  Erauthaamer, 

T. ,  *A  Modified  Method  for  the 
Evaluation  for  Direct  Shear  Capacity 
in  Eainforoad  Conorata  Slab*  Under 
tba  Effects  of  Dynaaic  Loads', 
Structural  Engineering  Report  No. 
83-02,  Departaant  of  Civil  and 
Mineral  Engineering,  University  of 
Minnesota,  May  1984. 


5.  Elgar,  8. A.,  and  Albritton,  0.B., 
'Raaponae  of  Buried  Hardened  Box 
Structures  to  tba  Effect*  of 
Localised  Explosions',  U.S.  Amy 
Baginaar  Waterway*  Experiments 
Station,  Taobnlcal  Report  SL-80-1, 
March  1980. 

d.  Eiger,  S.A.,  Oatehell,  I.V., 

Slawaon,  T.R.,  and  Byda,  D.W. , 
•Vulnerability  of  Shallow-Buried 
Flat  Roof  Strut  tunas*,  U.S,  Amy 
Engineer  Waterway*  Experiment 
Station,  Taobnlcal  Report  8L-80-7, 
Report a  1  through  C,  Saptnebar  1980 
through  September  1984. 

7.  Eraathsnmsr,  T. .  'Shallow- Bur led  RC 
Box-Type  8 true  tura  * ,  Proc .  ASCB 
Journal  of  Structural  Bnglnaarlng, 
Vol.  110.  No.  3,  March  1984. 

8.  Erautbanmar,  T.,  ■Simplified 
Analytical  Modal*  for  Pralininary 
Evaluations',  Proc.  dth 
International  Symposium  of 
Protective  Structure a,  Mannbaln, 
Saptanbar  23-27.  1984. 

9.  Paraona,  R. ,  and  Rinehart,  B., 
■Eacbina  Tact  Sari**:  Butterfly 
Maiden*,  Air  Foroa  Weapon* 
Laboratory,  Final  Report  APWI/-TR-82- 
132,  Vol.  I,  IX,  June  1983. 

10.  Vradblad,  V.,  "Veraucb*  mit  Ladungad 
in  Bodan  -  Brgabniasa*.  Proc.  6th 
International  Symposium  on 
Protective  Structures,  Mannhain, 
Spatambar  29-27,  1984. 


WJ  w*  T  >  ■  j  IT* j *»  ’* ^  ^ ^r-vinwr^  : 


.  cr,  •  jw^  '  i"  f  i*v*  m  -«*■%%  -'*»  *v«  *-•%  "•**  * 


* 


s 


* 


? 

En 


S 

k^ 

LV 


ft 


TABLE  1  80NNARV  OF  RESULTS:  NUCLEAR  BOMUM 


Bvut 


lipniuit 
ttrutml 
Bikirisr  or 
Failure  Nod* 


ll*iiu«4 
Permanent 
Detleotiou 
A  (mm) 


Average 

Peak 

Ptiiiui 

(MPa) 


Computed 
Pinauat 
Deflection 
A  1  (mm) 


Al/A 


Analytical 
Shoot  Slip 
At  to  load  (■) 


Aailare 
it  llif 
(mm) 


Time  of 
Failure 
(■  too) 


No.  1* 

Flexor* 

12.7 

9.0  IS  .2 

1.28  0.14 

S.d 

— 

No.  2* 

Shear 

Failed 

3S.2  Failed 

1.0  3.0 

9.0 

1.02 

No.  3* 

Flexor* 

132.4 

18.3  132.4 

1.0  0.1S 

4.S 

No.  4* 

Flexor* 

304. S 

20.0  309.9 

0.98  0.4 

S.O 

No.  3* 

Flexor* 

78.4 

79.0  81.3 

1.03  20.3 

29.7 

— 

No.  6* 

Shear 

Failed 

80.2  Failed 

1.0  3.S 

9.S 

1.06 

•• 

LB 

Flexor* 

183 .4 

S.O  182.9 

0.99  0.33 

3.S 

— 

Average : 

1.04 

• 

Data 

from  Bet. 

(Si 

•• 

Data 

trom  Rat. 

(91 

TABLB  2  RESULTS  FOB  HE 

ENVIRONMENT 

Case 

Rang* 

[ft] 

Analytical 
Res ideal 
Displacement 
[io] 

Aaalytieal 

Behavior 

Observed  Experimental 
Behavior 

3C1 

S 

0.S9 

No  failure 

Siollar  residual  displacement 

No  failnre 

3C2 

6 

2.33 

No  failure 

Flexural  cracking 

3C3(1) 

4 

Computation 
stopped  at 
10. dl  laches 
0.0114  sec. 

Steel  failure 
at  0.011S  sec. 
i,  with  displacement 
of  10  .SI* 

Flexural  failnre 

Kxoesslve  permanent  defleotlon 
of  10.3* 

3C3<2' 

2.7 

Shear  failer*  Instant  shear 
fallore 

Massive  ooncret*  failure 

3D1 

8 

0.33 

No  failure 

No  failure 

3D2 

6 

1.27 

No  failure 

No  failure 

3D6 

4 

4.24 

No  failure 

Flexural  cracking 

3D7(1) 

2.7 

Excessive 
detoneatlon 
of  18.19* 

Steel  Failure  at 
0.0061  sec. 

Flexural  cracking 

3D8<2> 

2 

Shear  failnre  Instant  Shear 
Fallore  at 

0.0028  seconds 

Shear  failure 

(1)  Io  to*  experlaent.  acoelerooeter  was  oo  the  opposite  side  of  the  alab  ooder 
obaerwatioo. 

(2)  la  to*  experiment.  charge  was  placed  horizontally  away  from  the  eeater  of  the 
alab. 
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Simulation  of  Real  Weapon-Effects  In  Multiple-Driver  Shock  Tubes 
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ABSTRACT 

To  estimate  the  reaction  of  structures  against  weap¬ 
on  effects  concerning  the  pressure  caused  by  their 
detonation  the  pressura-tlme-hlstory  must  be  known. 
It  can  by  obtained  In  free-fleld  tests'.  In  the  same 
way  the  reaction  can  be  achieved.  In  most  cases  It 
Is  more  advantageous  to  do  this  In  a  simulation  de¬ 
vice  e.g.  In  a  shock  tube.  Assumption  Is  then  the 
agreement  of  the  pressure-time-histories  In  the 
free-fleld  and  In  the  device.  There  are  no  problems 
with  relatively  small  shock  tubes  of  constant  diam¬ 
eter.  But  In  large  facilities  this  condition  Is  not 
fulfilled.  Constructive  aspects  force  the  use  of  a 
multiple  driver.  The  consequence  Is  a  step  In  the 
cross  section  of  the  expansion  tube.  This  causes 
unwanted  effects  In  the  pressure  decay:  So-called 
pressure  spikes  arise  after  the  first  peak-over¬ 
pressure,  and  this  Is  no  real  weapon  effect.  In  ex¬ 
periments  with  a  model  shock  tube  with  an  extreme 
tube  step  it  should  be  Investigated,  If  there  Is 
a  possibility  of  damping  or  eliminating  these 
spikes.  The  means  developed  are  described. 

1.  INTRODUCTION 

The  pressure-time-history  of  a  detonating  weapon  at 
a  given  distance  from  the  detonation  center  can  be 
achieved  in  free-fleld  tests.  But  In  most  cases  It 
is  more  advantageous  to  simulate  those  weapon  effects 
e.g.  on  account  of  cost,  security  and  reproducibility 
especially  considering  large  charges.  Wellknown 
means  for  simulations  for  this  purpose  are  shock- 
tubes.  The  knowledge  of  their  function  Is  presup¬ 
posed.  Generally,  there  are  no  problems  with  small 
tubes  of  constant  diameter  from  the  beginning  In  the 
driver  part  up  to  the  measuring  point  in  the  expan¬ 
sion  part. 

On  account  of  several  reasons  shock  cubes  with  diam¬ 
eters  of  some  meters  cannot  be  driven  by  a  same  diam¬ 
eter  driver-tube.  It  must  consist  of  single  tube  el¬ 
ements  of  small  diameter  (s  1  m).  Fig.  1  sketches 
such  a  device.  Examples  are  the  facilities  of  the 
REITER-AI.PE  In  Germany  and  of  GRAMAT  /2/  In  France.. 
Installing  several  driver  tubes  It  Is  obvious  that 
there  must  be  c  discontinuous  extension  In  the  cross 
section.  The  consequence  Is  that  the  shock  fronts 
emerging  from  the  driver  tubes  are  diffracted,  which 
causes  an  unwished  effect  in  the  pressure-tlme-hls- 
tery,  not  found  in  one  of  a  free  detonation. 


Fig.  1  Multiple  Driver  Shock  Tube/2/ 

Fig.  2  shows  the  Ideal  free-fleld  pressure  profile  of 
a  weapon,  while  Fig.  3  presents  that  one  simulated 
In  a  shock  tube  of  constant  diameter,  and  Fig.  4 
gives  an  example  of  the  effect  In  a  simulator  of  the 
above  mentioned  kind,  where  several  spikes  occur  as 
a  result  of  diffraction  and  reflection  processes.  In 
the  Interaction  with  structures,  these  spikes  may 
cause  effects  which  are  different  from  those  of  figs. 
2  and  3  resp. 


Fig.  2  Pressure-time-history  of  a  Real  Weapon 


The  aim  of  the  Investigation  Is  to  find  constructive 
means  to  avoid  the  spike  or  at  least  to  damp  It  to  a 
tolerable  value.  The  most  simple  way  to  do  so  Is  to 
lengthen  the  driven  tube  to  more  than  ten  times  the 
diameter.  But  at  large  diameters  this  would  lead  to 
very  long  devices.  This  would  Increase  cost  and  space 
and  not  at  last  It  would  necessitate  a  stronger  pro¬ 
pulsion  to  get  In  the  farer  distance  the  same  peak 
overpressure  as  close  to  the  membrane.  On  the  other 
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hand  this  can  only  b«  a  theoretical  consideration 
because  In  practice  diaphragms  of  meters  In  diam¬ 
eter  are  not  manufactured. 
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Fig.  3  Pressure-time-history  In  a  Shock  Tube 
of  Constant  Diameter 


Compressed  Air : 


0  1  2  11ms]  3 


Fig.  4  Pressure-time-history  In  a  Shock  Tube 
with  Discontinuous  Cross-Section 

2.  MODEL  DEVICE  AND  EXPERIMENTS 

To  minimize  the  costs  studies  were  carried  out  with 
a  simplified  model  tube  the  scaling  factor  of  which 
was  1:63  In  comparison  to  the  GRAMAT  device.  The 
simplification  consists  of  only  one  driver  tube  in¬ 
stead  of  several  ones  but  with  the  same  geometric 
relationship  of  the  cross  sections.  In  Fig.  5  the 
mean  dimensions  are  sketched.  In  this  version  they 
agree  with  the  GRAMAT  device,  except  for  the  adapt¬ 
ion  of  tube  extension.  This  was  necessary  to  get  a 
spike-free  base  curve  In  the  same  tube.  In  this  way 
It  can  be  seen  that  a  diverging  one  with  a  small 
opening  angle  of  6°  from  the  compression  to  the  ex¬ 
pansion  tube  Is  another  mean  to  get  the  wanted  pres¬ 
sure  profile.  But  It  must  also  remain  out  of  con¬ 
sideration  on  account  of  the  long  tube  extension. 
The  first  test  had  the  aim  to  change  the  geometry 
of  the  tube  In  such  a  manner  that  a  very  marked 
spike  should  arise  In  the  pressure  decay. 

This  was  found 

-  In  the  case  of  an  unsteady  step  from  a  small 
to  a  large  diameter  In  the  expansion  tube  (In 


the  described  case  the  relationship  of  the 
cross  section  was  as  ■  28.7), 

-  the  nearer  the  pressure  transducer  was  In¬ 

stalled  to  the  diaphragm  (therefore,  the 
measuring  points  were  changed  to  A:  3.2  Dr, 
B:  5.6  DE,  C:  7.2  D£),  11 

-  the  smaller  the  compression  volume  (but  not 
too  small)  and  the  higher  the  compression 
pressure  was  chosen  (best  values  have  been 
VK  -  25  cm*,  pk  ■  20  bar). 


Fig.  5  Model  Shock  Tube 

In  ar.  extensive  research  program  a  lot  of  means  like 
mesh  wire  grids,  baffles,  multiple  cones  etc.  were 
tested.  But  these  means  turned  out  not  to  be  very 
succesful,  because  they  reduced  the  free  cross  sec¬ 
tion  In  such  a  way  that  tne  peak  overpressure  and 
the  duration  of  the  overpressure  were  untolerably 
diminished. 

The  essential  results  of  this  first  test  Is  present¬ 
ed  In  Fig.  6.  The  pressure-tlme-hl story  would  only 
be  received  at  the  measuring  point  B  on  account  of 
the  long  divergent  nozzle.  Curve  I  shows  that  an 
excellent  pressure  decay,  very  similar  to  the  one 
caused  by  a  weapon.  Is  obtained  which  such  a  con¬ 
struction.  It  serves  In  the  latter  as  the  above  men¬ 
tioned  base  curve.  Looking  on  the  dlaqrams  It  must 
be  mentioned  that  the  time  scale  1$  unallowably 
extended  in  order  to  get  a  better  mark  of  the  splka 
In  this  regard,  the  second  peak,  very  close  to  the 
first  peak  overpressure,  l.e.  0,01  ms  later,  is  ab¬ 
solute  an  effect  of  the  elgenfrequency  of  the  pres¬ 
sure  gage  -as  It  was  proved-  and,  therefore,  can  not 
be  Interpreted  as  a  spike.  Comparing  the  pressure- 
time-histories  II  and  III  the  damping  effect  of  the 
baffles  is  obvious,  but  the  results  are  not  satis¬ 
fying  since  the  curve  Is  transmitted  to  snail  values, 
l.e.  the  reduction  Is  about  50  *.  In  order  to  compen¬ 
sate  for  the  pressure  In  the  driver  should  be  en¬ 
larged.  But  the  question  remains  then  Is  this  worth 
to  do  or  are  there  better  means? 

After  some  considerations  how  to  avoid  this  disad¬ 
vantage  and  after  some  experiments  the  answer  was 
found  In  a  certain  construction  which  proved  to  be 


successful .To  find  this  construction  a  second  test 
series  was  conducted, at  the  beginning  of  which  was 
overthought  that  the  pressure-tlme-hl story  measured 
at  the  wall  of  the  tube  Is  only  of  theoretical  In¬ 
terest  since  In  practice  a  test  object  Is  hardly  In¬ 
stalled  there,  but  on  a  plane  platform  near  the  tube 
axis.  There  the  pressure  profile  can  differ  especial¬ 
ly  at  the  beginning  of  the  shock  when  the  front  Is 
not  yet  plane,  as  It  was  subsequent  experimentally 
confirmed;  see  Fig.  7. 
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Fig.  6  Comparison  of  Pressure-time-hi stories 
Spike-free  (I),  Marked  Spike  (II) 
Spike-damped  (III) 


e  a.s  i.  i.s  2.  t|»)  2.s 


•  »s  I.  I.S  2.  t(«)  2.5 


Fig.  7  Pressure-time-histories  in  the  Same  Cross 
Section  at  the  Tube-Wall  and  at  the  Plat¬ 
form 

Fig.  8  visualizes  how  the  spike  develops.  It  shows 
a  section  of  the  tube  beginning  at  the  transmission 
from  small  to  large  diameter  (left  side)  up  to  the 
right  of  the  cross  section  where  the  transducers  "A" 
are  Installed.  This  cut  was  chosen  -Instead  of  “B"- 
because  here  the  shock  fronts  are  very  clear.  In  the 
left  picture  -taken  from  a  24  pictures-serle-  the 
Incident  shock  front  has  just  reached  the  edge  of 
the  measuring  platfo»m;1n  the  meantime  fronts  reflec¬ 
ted  at  the  tube  wall  are  walking  to  the  axls.whlch 
are  contacting  in  the  next  picture  the  vortices  at 
the  mouth  of  the  small  tube. The  Important  shadowgraph 
for  the  spike  is  the  right  one.  The  Incident  -now 
nearly  plane-  shock  front  Is  running  over  the  gage, 
installed  In  the  middle  of  the  support  of  the  plat¬ 
form  (black  square).  This  front  causes  the  overpres¬ 
sure  peak;  that  one  at  the  upper  wall  is  produced 
by  a  MACrt-stem.  The  spike  will  arise  when  the  foot 
point  of  the  reflected  front,  which  is  connected  to 
the  MACH-stem,  overruns  the  gage.  It  Is  now  very  ob¬ 
vious  that  the  spike  is  no  real  weapon  effect  but 
involved  to  the  simulator  and  therefore  It  must  be 
damped  or  eliminated  for  a  correct  simulation. 
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Small  Tube 
Vortices 


MACH  -  Stem  s 
Measuring  Section  A  ^  Platform 


are  "minced"  and  the  "pieces"  are  following  another 
in  short  time  distances  and  superposing  themselves; 
thus  a  damping  effect  is  obtained. 


Wall  Reflected  Front 


Fig.  8  Shadowgraphs  of  the  Shock 

From  this  picture  it  can  also  be  derived  where  one 
has  to  start  against  the  spike:  On  the  one  hand  at 
the  small  tube  mouth  on  the  other  at  the  tube  wall. 
Consequently  a  lot  of  ideas  were  developped  in  this 
direction.  The  most  striking  constructions  are  shown 
in  Fig.  9  and  Fig. 10.  To  smoothen  the  unsteady  tran¬ 
sition  from  small  to  large  diameter  two  kinds  of 
short  cones  with  a  "wave-breaking"  surface  were  in¬ 
serted.  One  of  them  has  the  coarse  profile  of  a  comb 
or  a  series  of  teeth  in  its  cross  section  -it  is, 
therefore,  called  "tooth  cone"-  the  other  one  with 
fine  triangle  spikes  in  its  profile  is  called  "spike 
cone".  In  one  test  serie  on  the  platform  a  board 
as  a  test  object  was  inserted  at  the  measuring  point. 
This  board  contained  also  pressure  gages  at  the  side 
wall,  on  the  roof  and  the  front  wall.  Unfortunately 
a  splinter  of  the  diaphragm  destroyed  the  front  wall 
gage  and,  therefore,  a  wide  meshed  spl  inter  barrier 
grid  was  installed.  Fortunately  having  also  smooth¬ 
ing  effect  on  the  spike  it  was  retained  in  the  fur¬ 
ther.  Fig.  9  gives  an  idea  of  these  means. 


Fig.  9  Special  Extension  Cones 

In  order  to  disturb  the  reflection  at  the  wall  an 
inner  coating  of  it  was  assigned  consisting  of  per¬ 
forated  sheets  and  mesh  grids.  The  perforated  tun¬ 
nels  were  manufactered  with  two  bores,  one  10  mm 
diameter  the  other  5  mm.  The  distance  to  the  wall 
was  chosen  with  10  mr...  The  grid  tunnel  could  be  com¬ 
bined  with  the  perforated  tunnels  as  another,  inner 
coating  of  them,  as  Fig. 10  shows.  The  length  of  the 
tunnels  were  the  same  as  that  one  of  the  platform. 
With  the  perforation  it  should  be  achieved  that  a 
part  of  the  shock  front  is  earlier  reflected  at  the 
coating  sheet, another  -passing  the  bores-  not  before 
striking  the  tube  wall.  In  this  way  the  shock  fronts 


Fig.  10  Damping  Tunnels 


All  these  constructive  components,  presented  in 
Fig.  9  and  Fig. 10,  were  combined  in  a  convenient 
manner.  The  pressure-time-histories  were  registered 
at  the  wall  and  on  the  platform  in  the  three  cross 
sections  A.B.C,  already  mentioned.  The  best  results 
were  achieved  with  the  components  as  they  have  been 
installed  in  the  tests  numbered  T  53,  T  56,  T  59. To 
evaluate  the  improvement  the  best  method  is  to  com¬ 
pare  all  the  pressure-time-histories  because  the 
whole  decay  gives  the  best  overview,  but  on  account 
of  so  many  plots  it  is  not  very  easy  to  survey  es¬ 
pecially  in  this  presentation. 
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6,32 

6,25 

5,32 

5,34 

B 

1,75 

1,24 

1,39 

1.39 
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1,74 

1,32 

1.19 

•  1,17 

Table  1:  Relation  of  Spike  Overpressure  pso 
to  the  Pressure  pws  without  Spike 
for  Different  Components 
(NS  s  NO  Spike) 


At  the  point  where  the  most  striking  spike  arises 
a  discrete  degree  of  evaluation  can  be  seen  in  the 
relation  of  the  spike  overpressure  Pe0  to  that  pres¬ 
sure  pws  in  the  decay  ,  which  would  be  obtained  if 
no  spike  occured  at  this  time.  These  values  are  gath¬ 
ered  in  table  1,  separated  for  the  measuring  point 
at  the  wall  and  on  the  platform,  resp.  If  the  rela¬ 
tion  pS0/Pws  =  1-00  the  spike  is  completely  elim¬ 
inated,  i.eat  no  time  the  point  pso  can  be  found 
in  the  curve  decay  and,  therefore,  it  is  marked 
with  NS  (No  Spike).  To  be  able  to  estimate  the  im¬ 
provement  the  values  of  the  test  (T  19)  without 


any  installed  component  is  Included  in  table  1.  .As 
can  it  be  seen,  the  damping  effect  Is  considerably 
good  especially  at  the  wall,  also  at  measuring  point 
Ay  which  Is  very  close  to  the  tube  step.  An  exception 


Tboth  Con*  Ftrfcvafcd  \nrMrt«10mm  Mtth  Wit#  Grid 


seems  to  be  MP  B  for  test  T  5>.  But  looking  at  the 
whole  pressure  pPofile  plotted  In  Fig. 11  It  can  be 
neglected  because  the  spike  appears  very  late  at  a 
snail  pressure  level  and  th«t  Is  why  the  relation 
is  so  bad.  The  more  important  pressure-tlme-hl  stories 
on  the  platform  are  not  Improved  as  well,  but  never¬ 
theless  It  can  be  called  a  good  progress.  From  Fig. 

11  also  can  be  seen  that  there  is  no  big  difference 
between  T  56  and  T  59.  What  is  very  striking  In  table 
1  are  extremely  high  relation  values  for  MP  AD 
(platform).  They  are  obtained  because  the  peak 
overpressure  is  unexpectedly  low  -about  the  half 
or  even  less  of  the  normal  hight-  and  the  spike  is 
extremely  high. 
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Fig.  11  Spike  Damped  Pressure-time-history 


Fig.  13  Pressure-tlme-hi story  at  MP  A„  (Platform) 
with  Components  (T  59)  H 

Fig.  12  and  Fig.  13  show  the  appertaining  pressure- 
time-histories  to  this  measuring  point.  The  damping 
effect  Is  remarkable,  too*  but  only  for  the  second 
spike  and  so  on.  It  Is  also  obvious  from  these  plots 
that  it  is  not  opportune  to  tnstall  a  test  ohject  so 
close  to  the  step  (In  this  case  nearer  then  3.2  Dr) 
because  one  is  amidst  in  the  diffraction  zone 
where  the  shock  front  Is  not  yet  well  formed.  Per¬ 
haps  the  first  spike  could  be  better  damped  If  the 


S  *.  \  % '  V 


'.V. 


y.v.vv. 


,-n.  -r. 


60 


tunnel  was  extended  to  the  cross  section  of  the 
tube  step.  This  Is  not  yet  tried  being  of  no  great 
Interest. 

In  the  beginning  of  this  presentation  the  argument 
was  given  why  the  time-scale  for  all  the  pressure- 
time-histories  was  Inadmlssably  enlarged.  There¬ 
fore,  finally  the  representative  pressure-profiles 
are  plotted  tlme-correct'ly  In  Fig.  14  and  Fig.  15. 


-  to  Improve  or  simplify,  resp.  the  components 

-  to  enlarge  the  model  tube  on  account  of  scaling 
effects , 

-  to  use  more  than  one  driver  as  It  Is  necessary 
for  large  simulation  facilities. 

4.  REFERENCES 
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Fig.  14  Time-correct  Pressure-time-history  on 
the  Platform  without  any  Component 
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Fig.  15  Time-correct  Pressure-time-history  on 
the  Platform  with  Components  According 
to  Test  T  59 

The  example  shows  the  measurements  on  the  platform 
at  the  measuring  point  B,  i.e.  In  a  distance  of 
5.6  Dr  from  the  diaphragm.  In  the  contrast  of  these 
diagrams  the  remarkable  progress  In  damping  the 
spikes  Is  obvious.  Not  yet  as  smooth  as  the  pres¬ 
sure-time-history  of  non-stepped  shock  tube  (see 
Fig.  3)  It  encourages  to  do  more  work  In  this  field. 

3.  CONCLUSIONS 

The  described  experiments  have  shown  that  there  are 
constructive  means  Installed  In  a  shock  tube  with 
unsteady  stepped  cross  section  which  can  damp  or 
even  eliminate  spikes  In  the  pressure  decay.  Thus 
It  Is  possible  to  simulate  real  weapon  effects 
whose  pressure  profile  Is  "  spikeless"  more  accu¬ 
rate  as  before.  The  studies  are  just  at  the  begin¬ 
ning;  much  work  has  still  to  be  done  to  optimize  the 
results.  Points  of  Investigation  will  be 

-  to  change  the  volume  and  pressure  In  the  driver 
of  the  tube  In  order  to  simulate  any  weapon, 
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ABSTRACT 

TM  5-855-1,  "Fundamental*  of  Protective 
Design  for  Conventional  Weapons,"  has  been 
revised  to  include  recent  test  data  and  design 
methodology  on  conventional  weapons  effects. 

This  manual  provides  methods  for  determining 
loads  on  buried  structures  from  conventional 
weapons  and  outlines  procedures  for  designing 
those  structures.  These  procedures  are  dis¬ 
cussed,  and  a  typical  roof  slab  design  example 
is  presented.  Methods  of  designing  exterior 
and  interior  walls  are  discussed. 

INTRODUCTION 

TM  5-855-1,  "Fundamentals  of  Protective  Design 
for  Conventional  Weapons,"  has  recently  been 
revised  and  is  currently  being  reviewed.  This 
manual  provides  information  on  a  wide  variety  of 
weapons  effects  as  well  as  information  on  how  to 
design  structures  to  resist  the  loads  transmitted 
to  them  by  these  weapons.  Some  of  the  subjects 
covered  include: 

Non-Nuclear  Weapon  Characteristics 
Ground  Shock  Cratering  and  Ejecta 
Loads  on  Structures 
Mechanics  of  Structural  Elements 
Dynauic  Response  of  Structures 

"he  purpose  of  this  paper  is  to  provide  an  example 
of  how  the  information  contained  in  TM  5-855-1  may 
be  used  to  design  a  burled  structure.  A  design 
example  is  presented,  and  the  methods  used  are 
discussed  and  evaluated. 

Figure  1  shows  a  plan  view  of  the  structure 
which  was  analysed.  This  la  a  reinforced  concrete 
structure  that  la  buried  under  7  ft  of  earth,  which 
is  in  turn  covered  by  a  3-ft-thlck  detonation  slab. 
The  structure  was  designed  for  a  direct  hit  from  a 
500-lb  general  purpose  (GP)  bomb.  Design  calcula¬ 
tions  for  the  roof  slab  and  interior  wells  are 
presented,  and  the  design  of  the  exterior  wall  is 
discussed.  Information  concerning  weapon  penetra¬ 
tion  and  detonation  slab  design  is  provided  in  the 
manual  but  will  not  be  covered  in  this  paper.  The 
worst  case  for  design  of  the  roof  slab  would  be 
the  500-lb  bomb  detonating  directly  over  the 
center  of  Room  A,  as  shown  in  Figure  1. 


DESIGN  OF  ROOF  SUB  OF  ROOM  A 

Normally,  the  design  of  a  hardened  structure 
in  a  trlal-and-error  procedure.  A  trial  section 
is  selected  and  analysed.  A  new  trial  section  le 
then  selected  based  on  the  results  of  the  analysis. 
Only  the  final  analysis  is  presented  in  this  paper. 
Equation,  figure,  table,  end  section  numbers  refer 
to  those  of  the  revised  version  of  TM  5-855-1. 

The  following  values  were  used  in  the  design: 

Long  span  length  (L^)  -  87  ft 

Short  span  length  (L)  -  33  ft 

Roof  thickness  (t)  -  48  in. 

Effective  depth  (d)  -  45.5  in. 

Tensile  steel  ratio  (p)  -  0.004 

Tensile  strength  of  steel  (fy>  -  60  ksl 

Unconflned  compressive  -  4  ksl 

strength  of  concrete  (f£) 

Weapon  penetration  into  -  24  in. 

detonation  slab  (X) 

The  following  characteristics  of  a  500-lb  GP 
bomb  were  taken  from  Table  2-4: 

Total  gross  weight  -  520  lb 

Charge- to- weight  ratio  -  51X 

Length  -  45  in. 

DESIGN  PROCEDURE 

The  following  procedure  was  used  to  check  the 
design  of  th«  roof  slab: 

1.  Determine  loading  on  root . 

2.  Determine  natural  parlod  of  root. 

3.  Determine  equivalent  static  load. 

4.  Check  capacity  of  roof  slab  in  flexure. 

5.  Check  sheer  capacity  of  slab. 

6.  Determine  support  reactions. 

ROOF  SLAB  LOADING 

Couplinm  Factor 

For  a  45-in, -long  bomb  and  a  24-la.  penetra¬ 
tion,  the  center  of  gravity  of  the  charge  will  be 
located  near  the  top  aurfaca  of  the  slab.  The 
procedure  from  Saction  5-1. d. 3  nay  be  used  to 
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calculate  the  coupling  factor  for  a  charge  in 
contact  with  aore  than  one  material.  Figure  3-3 
(Figure  2)  waa  uaed  to  calculate  the  coupling  fac¬ 
tor  for  each  Mtarial,  ualng  a  depth  of  penetra¬ 
tion  (d)  of  0  ft.  Equation  3-6  waa  than  used  to 
obtain  the  overall  coupling  factor. 

From  Figure  5-3 

Coupling  factor  for  concrete  (fc)  ^  0.85 

Coupling  factor  for  air  (f^)  -  0.14 

Equation  5-6  averagea  the  coupling  factora 
based  on  the  weight  of  the  charge  in  contact  with 
each  aaterial. 

For  the  two  materials  considered: 


where  and  Wc  are  the  weights  of  charge  in 
contact  with  air  and  concrete,  respectively 

W  -  total  charge  weight 

Assuming  half  the  charge  la  in  contact  with 
each  material,  and  substituting  f^  and  fc: 


uaed  aa  an  average  duration  for  design;  therefore, 
this  duration  was  computed.  The  range  from  the 
weapon  to  the  quarter  point  of  the  span  la  12.96  ft. 
The  preasure  P  la  calculated  by  substituting  into 

Equation  5- 5a. 

P  »  252.6  pal 

qp 

The  total  Impulse  (Io>  la  calculated  using 
Equation  5-5e. 

*o  /  R  \(-n  +  ^ 

UJTJ  -  (f)(P0)  (l.D^fTjj  (5-5e) 


po  “  144(f) 

■  3-2*  P.i-. 


For  a  triangular  pressure  pulse,  the  duration  is 
given  by 


Therefore 


f  -  0.14(.5)  +  0.85( .5)  -  0.495 
Peak  Pressure  at  Center  of  Slab 


21 

t  - 

qp  P 

qp 


m*|4*  ■  0.0256  sec 


25.6 


sec 


Free-field  pressures  and  impulses  may  be  com¬ 
puted  using  equations  from  Chapter  5.  From 
Table  5-1,  the  soil  properties  for  calculating 
ground  shock  parameters  for  a  dry  sand  are: 

Seismic  velocity  (c)  «•  1,000  fps 

Acoustic  impedance  (pc)  “  22  psl/fpa 
Attenuation  Coefficient  (n)  «  2.75 

Peak  pressure  is  calculated  using  Equation  5- 5a. 
Charge  weight  (W)  is  0.51  x  520  -  265  lb.  R  is  the 
distance  from  the  bomb  center  of  gravity  to  the 
roof,  in  feet. 

P°  - 

The  peak  pressure  (Pc>  at  the  center  of  the 

slab  is  calculated  using  Equation  5-5a  and  a  range 
(R)  of  10  ft. 

/  10  \-2-75 

Pc  -  (0.495) (22) (160)^ — ~TJ5j  “  515.8  Psl 

Duration  of  Preasure  Pulse 

The  positive  phase  duration  varies  across  the 
slab.  The  duration  is  short  near  the  center  and 
longer  near  the  supports.  The  equivalent  triangu¬ 
lar  duration  at  the  quarter  point  of  the  slab  was 


Equivalent  Uniform  Pressure 

The  loads  on  the  roofs  of  underground  struc¬ 
tures  are  not  uniform,  especially  if  the  depth  of 
burial  (DOB)  la  shallow.  However,  uniform  loads 
are  needed  for  the  single-degree- of- freedom  analy¬ 
sis.  Figure  8-1  can  be  used  to  obtain  an  equiva¬ 
lent  uniform  load.  These  equivalent  uniform  load 
factors  were  obtained  by  performing  a  series  of 
static  finite-element  analyses.  I11  these  analyses, 
the  equivalent  uniform  load  is  one  that  will  pro¬ 
duce  the  same  midpoint  deflection  as  the  distri¬ 
buted  load  given  in  Equation  8-1. 

PR  ’  Por(D/RS>3  (8_1) 

where 

Pg  -  Pressure  on  roof  at  a  distance  of  Rg 
away  from  weapon 

P  •  Pressure  on  the  roof  directly  below  the 
or 

wtipon 

D  ■  Depth  from  weapon  to  roof 

Rg  -  Slant  distance  from  weapon 

Using  Figure  8-1. b  (Figure  3)  and  a  ratio  of 
standoff  to  short  span,  (D/A)  ”  10  ft/33ft  -  0.3 
and  a  ratio  of  short  to  long  span  (A/B)  ” 

33  ft/87  ft  “  .38,  the  ratio  of  uniform  load  to 
peak  stress  is  0.43.  The  equivalent  uniform  pres¬ 
sure  is  0.43  Pc  -  0.43(525.8)  -  221.8  pal. 
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Reflected  Pressure 


From  Section  8-1. a,  the  reflected  {treasure  la 
1.5  tines  the  equivalent  uniform  pressure. 


Pr  -  1.5  x  221.8  pal  -  332.7  pal 


The  duration  of  the  reflected  pressure  la  six 
wave  transit  tinea  through  the  roof  (8-1. a).  The 
speed  of  the  wave  in  concrete  ia  10,000  fps. 


Therefore,  the  duration  (t ..)  of  the  reflected 
pressure  is:  a 


12  x  4  ft 


dl  10,000  fps 
Design  Pressure  Pulse 


4.8  x  10  s  "  4.8  ns 


The  design  pressure  pulse  is  the  combination 
of  the  reflected  pressure  pulse  and  the  equivalent 
uniform  pressure,  as  shown  in  Figure  4. 


NATURAL  PERIOD  OF  THE  ROOF 


From  Equation  10-10,  the  natural  period  ('■.')  ia 
given  by: 


T  -  ivyfwnc 


(10-10) 


where 


«  Load  mass  factor 

M  ■  Mass 

K  -  Stiffness 


From  Table  10-2,  the  effective  stiffness  and 
load  mass  factor  of  a  uniformly  loaded  one-way  slab 
in  the  elastic-plastic  strain  region  ere  given  by: 


K  -  307EI/LJ 
\h  "  °-'/8 


From  Equation  9-2,  the  modulus  of  elasticity 
(E)  of  the  concrete  it*  given  by: 


E  -  57,000  -  57,000  V3.000  -  3.122  x  106 


Tlie  average  cracked- uncracVted  moment  of 
inertia  (I)  is  given  by  Equation  9-38: 


bd 


I  «*  (5  5p  +  0.083) 

for  a  1-in. -wide  section: 


(9-38) 


1  -  (5.5(0.004)  «■  0.063)  -  4,945  in.4/in. 


The  mass  Is  the  total  mass  of  t.  1- In. -wide 
strip  of  the  slab. 


..  .  150  lb  /’ft3 

M  -  (33  ft) (4  ft)(fe  ft)386<4  ln>/-2 


■  4.27  lb  s  /in.  per  unit  of  width 


Substituting  into  Equation  10-10  gives  the 
fixed-fixed  natural  period: 


fixed 


- 


78(4.27^ 


327 


.042  s  *  42  ma 


Since  the  boundary  conditions  are  somewhere 
between  fixed  and  simple  supports,  an  average 
period  between  fixed  and  simple  supports  was  used. 


T  -  l-5(Tfl}  ed)  -  1.5(42)  -  63  ms 


Section  10-3. b. 7  recommends  that  the  period 
of  the  slab  not  be  modified  to  account  for  the  maas 
of  the  soil;  therefore,  the  63-as  period  was  used 
for  calculations. 


EQUIVALENT  STATIC  LOAD 


The  procedure  outlined  in  paragraph  10-2b(2)(e) 
was  used  to  detenini?  the  equivalent  static  load  on 
the  structure  from  a  tiro-part  pressure  pulse.  If  a 
bilinear  pressure-time  history  (similar  co  the  one 
shown  in  Figure  4)  la  used,  the  following  approxi¬ 
mate  relationship  conserve  Lively  predicts  the 
response : 


(F1>1 


<F1>2 


C1(P)  +  C2(u)  -  1 


(10-8) 


C1(y)  and  tyvp)  are  the  values  of  R^/F  corre¬ 
sponding  co  a  certain  value  of  ductility  ratio  (p) 


and  the  ratios  of  duration  to  period  tdj/T  and 


td2^’  rPSPEctively-  This  equation  when  solved  for 
R  results  in: 


Rm  "  (Fl)l  cl(M)  +  <fi>2  C2(m) 

From  Figure  4 


-  332.7  -  221.8  -  110.9 


(Fx)2  -  221.8 


tdl  -  0.0048 


td2  -  0.0256 


ldl/T  “  0.0040/0.063  »  0.076 


td2/T  -  0.0236/0.063  -  0.40 


From  Figure  10-3  (Figure  5) ,  for  a  ductility  ratio 
of  10: 


r»/<F1>2  “  °-2* 

C2(10)  -  0.24 

(Fj)j  ia  impulsive,  and  Figure  5  may  not  be  used. 
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For  *n  Impulsive  load: 


(10-4) 


For  a  triangular  load,  Equation  10-4  nay  ba  raduced 
to: 


it ,,  /T 
R  /'F,),  ==. 

“  1  3  ^J2^T 


M  ■  Plastic  moment  capacity  at  supports 
P® 

Mpa  11  Plastic  moment  capacity  at  middle 


M„.  “  -  523  ft-kips/ft 

pa  pa 


Ra  “  §3  <523  +  523>  “  254  kipa/ft  width 


ft (0.076) 

J2(10)  -  1 


„  254  kipa/ft  x  1.000  Ib/kip  ,,  , 
R«  "  '<12  i~n  ) (33  -ft)\u  in. /ft)  *  53‘4 


CjdO)  -  0.055 


Rn  -  (110.9) (0.055)  +  (221. 8) (0.24)  -  59.3  pal 

The  manual  recommends  that  the  design  load  ha 
divided  by  1.5  to  account  £or  some  of  the  conserv¬ 
atism  built  into  the  analysis  procedure.  There¬ 
fore,  equivalent  static  design  blast  load  is: 

pb  “  T3  "  39-6  p*1 

The  dead  load  should  be  added  to  this  value. 
The  dead  load  for  7  ft  of  concrete  and  7  ft  of  soil 
is  12.4  psl.  The  total  design  pressure  is 
39.6  +  12.4  -  52  psl. 


Since  the  capacity  of  53.4  pel  is  greater  than 
the  required  capacity  of  52  psi,  the  slab  is 
adequate  in  flexure. 

CHECK  SHEAR  CAPACITY  OF  JLAB 

The  shear  capacity  should  be  determined  for  a 
uniform  load  equal  to  the  flexural  capacity.  For  a 
slab  of  normal  thickness,  tne  critical  section  for 
ahear  is  a  distance  d  away  free*  the  supports. 

The  shear  stress  (v)  at  d  from  the  support  of  a 
uniformly  loaded  one-way  slab  is: 

V  *  ^  :  —  (0.5L)  1 J4 


(0.5)(33);12)(53.4)/i.  5.j 


CHECK  CAPACITY  OF  SIAB  IN  FLEXURE 

Equation  9-18  was  used  to  determine  the 
plastic  moment  capacity  of  the  section. 


M  -  pf  bd  (1  -  0.59pf  /f') 
p  y  *y  c 


(9-18) 


This  equation  determines  the  static  capacity 
and  should  be  modified  to  account  for  dynamic 
strength  Increases. 

Based  on  Sections  9-2  and  9-3,  dynamic 
strength  Increase  factors  for  steel  and  concrete 
are  10  percent  and  20  percent,  respectively. 


Because  the  slab  iu  not  actually  a  one-way 
slab  and  the  load  is  not  uniform,  the  use  of 
Equation  9-39  in  predicting  the  shear  stress 
capacity  of  the  concrete  is  overly  conservative. 
Therefore,  the  shear  stress  capacity  is  taken  se¬ 
ttle  limit  value  of: 

vc-3.5V!T-3.  5  Y37o5 »  192  psi 

Since  the  applied  shear  stress  is  less  than 
the  shear  stress  capacity  of  the  concrete,  no  shear 
steel  is  required.  However,  the  .manual  recommends 
that  an  additional  shear  stress  capacity  of  :0  psl 
be  provided  in  the  form  of  stir  ups. 


Therefore 


Mp  -  <0.004)U.2)<60)<12)<*S.3>J(l  .  0.59(0. 00* 
■  5,673  ln.-klp*/ft  •  523  ft-klpa/ft 

The  capacity  of  the  slab  is  given  by 
Table  10-2  as: 


r  (M  +  M  ) 
L  ps  pm 


DETERMINE  SUPPORT  REACTIONS 

0 

Dynamic  support  reactions  must  be  determined 
so  that  Interior  load-bearing  walls  can  be 
designed.  The  exterior  walla  must  also  be  checked 
for  eha  axial  load  plus  bending  moment  that  is 
transferred  to  them  from  the  roof  slab. 

The  reaction  which  occurs  at  the  ends  of  a 
uniformly  loaded  fix ad- fix ad  one-way  slab  in  the 
plastic  response  region  is  given  in  Table  10.2  as: 


V  •  0.38  !_  +  0.12P 


V  is  the  dynamic  reaction  as  a  function  of 
time,  and  thle  equation  is  only  valid  when  the  slab 
is  responding  in  the  fully  plastic  mods.  P  is  the 


where 


dynamic  load  as  a  function  of  time,  and  R  Is  the 

IB 

ultimate  capacity  of  the  slab,  the  peak  reaction 
will  occur  at  the  tine  when  the  slab  readier  Its 
ultimate  capacity.  The  maximum  support  reaction  is 
determined  by  substituting  tha  value  of  Ra  and  the 

value  of  P  at  the  time  the  alab  reaches  ultimate 
capacity.  Since  the  duration  of  the  reflected 
pulse  is  very  short  compared  to  the  natural  period 
of  the  slab,  it  is  unlikely  that  the  slab  will 
reach  its  ultlmatn  capacity  before  the  reflections 
are  relieved.  Therefore,  it  is  conservative  to 
determine  the  peak  reaction  using  the  equivalent 
uniform  incident  pressure.  These  pressures  must 
be  multiplied  by  the  area  over  which  they  act  in 
order  to  determini  the  maximum  reaction. 

V  -  (0. 3t»<53. +  0.12(221.  8)3  33(12) (1) 

-  18,575  lb/ in. 

■  2x3  klps/ft 

The  interior  end  exterior  walJs  should  be  designed 
to  resist  this  load. 

DESIGN  OF  EXTERIOR  WALLS 

The  exterior  walls  must  be  designed  for  the 
weapon  penetrating  the  soil  and  detonating  opposite 
the  wall.  Procedures  are  outlined  in  the  manual 
for  determining  the  path  the  bomb  will  take  after 
it  enters  the  soil.  Using  this  information,  a 
detonation  slab  can  be  designed  to  keep  the  weapon 
nt  r.ny  desired  standoff  distance  from  the  wall. 

Once  the  stanioff  i.  determined,  the  procedure  for 
designing  the  wall  is  similar  to  the  one  used  for 
the  roof  slab. 

(tore  than  likely,  the  bomb  will  penetrate  deep 
enough  to  detonate  opposite  the  center  of  the  wall, 
and  the  cnarge  will  be  fully  coupled  at  that  depth. 
The  same  procedure  used  to  determine  the  roof  alab 
loading  is  used  to  determine  tilt  wall  loading. 

With  the  normal  wall  heights  and  weapon  standoff, 
the  equivalent  uniform  load  factor  will  be  almost 
1.0,  since  tha  pressure  is  almost  uniform. 

Ths  reflected  pressure  is  1.5  times  the  inci¬ 
dent  pressure,  but  the  procedure  for  calculating 
the  reflected  pressure  duration  may  be  different 
than  the  procedure  used  for  the  roof  slab.  If  the 
wall  is  relatively  thick  and  short,  the  reflection 
iray  be  cut  off  by  a  relief  wave  coming  in  from  the 
free  edge  of  the  scructure.  Thic  \elief  tine  is 
«tiven  by: 


t  ■  Duration  of  reflected  pressure 

Zf  ■  Sl»nt  range  from  weapon  to  free  edge 

D  «  Distance  from  weapon  to  center  of 
structure 

CL  ■  Loading  wave  velocity 

X,  ■  Distance  from  center  of  slab  to  neereat 
free  edge 

Cu  •  Unloading  wave  velocity 

The  relief  time  should  be  calculated  using  the 
p-oesdure  above  and  the  procedure  used  for  the  roof 
alab.  The  smaller  number  should  be  used. 

The  walls  will  normally  be  one-way  slabs  and 
may  be  considered  deep  slabs,  if  the  span- In¬ 
effective-depth  ratio  is  lass  than  or  equal  to  5, 
the  slab  should  be  analyzed  using  the  procedures 
in  Section  9-5e(2). 

The  required  moment  capacity  of  the  wall  may 
be  controlled  by  the  moment  transferred  to  it  from 
the  roof  slab.  If  this  is  the  case,  the  bomb 
should  probably  be  Allowed  to  detonate  closer  to 
the  wall.  However,  shock  levels  inside  the  struc¬ 
ture  should  be  checked  before  the  design  standoff 
is  changed. 

DISCUSSION  OF  DESIGN  PROCEDURES 

The  procedures  for  designing  burled  structures 
presented  in  the  latest  edition  of  TM  5-855-1  have 
been  changed  significantly  from  the  previous 
edition.  The  equations  defining  the  load-time 
history  of  the  structure  have  been  changed  to  in¬ 
clude  recent  data.  In  the  previous  edition,  the 
peak  reflected  pressure  and  duration  of  the  half- 
sine  wave  pulse  can  be  computed.  In  the  new 
manual,  the  incident  as  well  as  reflected  pressures 
and  dura cions  may  be  calculated.  Using  this  pro¬ 
cedure,  the  reflected  pressure  is  applied  to  the 
structure  for  a  much  shorter  period  of  time. 

In  the  previous  edition  of  the  manual,  the 
load  is  applied  uniformly  over  the  alab.  In  the 
revised  manual,  a  procedure  is  provided  for 
averaging  the  load  over  the  slab.  This  can  signi¬ 
ficantly  reduce  the  design  loading  for  a  close-in 
detonation. 

In  the  previouo  manual,  an  impulsive  elastic 
analysis  is  performed.  An  elastic  analysis  is 
performed,  and  if  the  maximum  stress  remains  balow 
a  fictitious  yield  stress,  the  design  is  adapt¬ 
able.  This  fictitious  yield  stress  is  a  function 
of  the  amount  of  damage  allowable.  This  method 
waa  presented  because  of  its  ease  of  use  end 
should  produce  good  designs  if  the  load  is  truly 
Impulsive. 

In  the  revised  manual,  a  simplified  method  of 
performing  a  linear  elastic-plastic  dynamic  analy¬ 
sis  is  prasented.  This  procedure  is  no  mora  com¬ 
plicated  then  the  impulsive  elastic  analysis  but 
is  accurate  for  a  wide  range  of  problem  types. 

This  procedure  should  be  much  more  accurate  for 
longer  duration  loads. 


There  are  several  fact or a  which  ara  not  con- 
aidarad  In  the  simplified  methods  praaantad  in  tha 
annual.  Compressive  aeabiana  action,  tiaa  phasing 
of  tha  load,  tha  localised  nature  of  tha  structural 
response,  and  soil-structure  Interaction  can 
significantly  affect  the  response  of  the  structure. 
Each  of  these  factors  can  Increase  the  hardness  of 
the  structure,  and  if  neglected,  the  design  of  the 
structure  will  be  overly  conservative.  For  this 
reason,  the  loads  are  divided  by  l.S  before  they 
are  applied  to  tha  structure.  These  procedures 
will  produce  conservative  results  even  after  appli¬ 
cation  of  this  factor. 

A  computer  code  to  analyse  structures  subject 
to  conventional  weapons  effects  is  currently  being 
developed  at  the  Waterways  Experiment  Station. 

Thin  code  will  consider  those  factors  neglected  in 
the  manual  and  should  allow  for  less  conservative 
designs. 
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Figure  3.  Equivalent  uniform  loaf*  in  flexure 
with  fixed  supports. 


Figure  1.  Building  plan. 


Figure  2.  Ground  shock  coupling  factor. 
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Figure  4.  Uniform  pressure  versus  time  for 
the  roof  load. 


Figure  5.  Response  curve 
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ABSTRACT 


Tho  design  of  layered  structures 
against  conventional  weapons  effects  is 
presented  and  compared  to  the  design  of 
conventional  hardened  structures.  Several 
types  of  layers  configurations  such  as 
concrete-air-concrete ,  concrete-soil- 
concrete,  concrete-rocks-concrete,  steel- 
soil-steel  and  steel-concrete-steel  are 
presented  and  discussed.  The  design  con¬ 
cepts  and  advantages  of  the  above  layered 
structures  against  direct  hits  and  near 
misses  of  conventional  weapons  such  as 
artillery  shells,  air  bombs  and  shaped- 
charge  projectiles  for  both  aboveground 
and  underground  structures  are  described, 
based  on  practical  experience,  the  optimal 
applications  of  layered  structures  are 
presented. 


INTRODUCTION 


In  this  paper  three  types  of  conven¬ 
tional  weapons  attack  are  considered; 

-  direct  hits  of  artillery  shells. 

-  near  misses  of  air  bombs. 

-  direct  hits  of  shaped-charge 
projectiles. 

Artillery  shells  include  high- 
explosive  projectiles  fired  by  mortars, 
guns  or  rocket  launchers. 

Air  Dombs  include  fragmentation/ ilast 
air  bombs  or  warheads  (ground-to-ground). 

Shaped-charge  projectiles  include 
projectiles  fired  from  portable  weapons 
(KPG  etc.),  anti-tank  weapons,  recoilless 
guns  or  air-to-ground  launchers. 

The  attacks  are  considered  to  occur  on 
aboveground  or  underground  structures  and 
the  main  impact  of  the  weapons  effects 
will  be  on  the  following  structural 
elements : 


-  the  structure's  roof  in  the  case  of  a 
direct  hit  of  an  artillery  sholl 
(aboveground  or  underground  structure) 

-  the  structure's  walls  in  the  case  of  a 
near  miss  of  an  air  bomb  (aboveground 
or  underground  structure). 

-  the  aboveground  structure's  walls  in 
the  case  of  a  direct  hit  of  a  shaped- 
charge  project* le. 


CONVENTIONAL  DESIGNS 

The  configurations  of  "conventional 
designs"  for  three  types  of  attack  are 
illustrated  in  Figures  1,  2  and  3. 

The  conventional  design  of  an  above¬ 
ground  or  underground  structure  against  a 
direct  hit  of  an  artillery  shell  consists 
of  providing  protective  layers  above  the 
structure: 

-  a  penetration  layer  (burster  layer), 
made  usually  of  hard  materials  such  as 
concrete,  rocks,  etc.  which  stop  the 
shells'  penetration  and  induce  it's 
explosion. 

-  an  absorption  layer,  made  usually  of 
soil  which  absorbs  the  energy  released 
by  the  shell's  explosion. 

The  conventional  design  of  an  above¬ 
ground  or  underground  structure  against 
a  near  miss  of  ari  air  bomb  consists  simply 
of  a  hardened  structure  with  monolithic 
walls  and  roof. 


The  conventional  design  of  an  above¬ 
ground  structure  against  a  direct  hit  of  a 
shaped-charge  projectile  consists  of  one 
of  the  following  solutions: 

-  the  provision  of  a  thick  monolithic 
structure  capable  of  absorbing  fully 
the  jet  effects. 

-  the  provision  of  an  "activator" 
element  at  a  certain  distance  in  front 
of  a  monolithic  structure. 
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a)  Underground  hardened  structure 

Figure  1.  Conventional 
hits  of  arti 


b)  Aboveground  hardened  structure 

designs  against  direct 
lery  shells. 
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a)  Underground  hardened  structure 


b)  Aboveground  hardened  structure 


Figure  2.  Conventional  designs  against 
near  misses  of  air  bombs 


a)  Single  monolithic  structure  b)  Activator  element  in  front  of  the 

structure 


Figure  3.  Conventional  designs  against  direct 
hits  of  snaped«charge  projectiles. 
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THE  LAYERED  STRUCTURES  CONCEPT 

To  replace  the  above  described  conven¬ 
tional  designs,  the  layered  structures 
concept  was  developed. 

The  layered  structures  consist  of 
several  layers  of  different  materials  act¬ 
ing  togetner  in  withstanding  the  weapons 
effects  and  the  normal  static  loads. 

In  this  paper  five  types  of  layered 
structures  described  in  Figure  4  are  dis¬ 
cussed  : 

-  reinforced  concrete-air-reinforced 
concrete. 

•  reinforced  concrete-soi 1-relnforced 
concrete. 

-  reinforced  concrete-rocks-reinforc.ed 
concrete. 

-  steel-sol  1-steel . 

-  steel-concrete-steel. 


OPTIMA).  APPLICATIONS  OF 
LAYERED  STRUCTURES 

The  optimal  applications  of  layered 
structures  regarding  tne  type  of  attack, 
aboveground  or  underground  location  of  the 
structure  and  the  type  of  layers  configu¬ 
ration  are  presented  ir.  Table  1. 


ur 

Type  <  |fyp* 


type  1 

rtinforceo 

concrete 


type  2 

reinforced 

■C-QjnCJTAU, 


Structure 

tocitlon 

Type  of 
etteei. 

Underground 

itructurt 

Mar  alii 

of  tn  tir 
00*0 

Direct  nit 
of  an  ertii- 
lery  shell 

AOovearound 

itructurt 

Nttr  aiii 
of  tn  air 
bo*0 

Direct  hit 
of  a  shaped 
•charge 
projectile 

type  3 
reinforced 


type  4 


type  5 


■““k 


concrete 


steel 

connectors 


Table  j  -  Optimal  applications  of 
layered  structures 


The  layered  structures  in  the  above 
described  applications  were  developed, 
tested  on  full-scale  and  constructed  in 
different  locations  and  in  large  numbers 
so  that  it  can  be  now  stated  that  prac¬ 
tical  experience  for  the  layered  struc¬ 
tures  presented  in  this  paper  has  been 
gained. 


DESIGN  CONSIDERATION  S  FOR 
LAYERED  STRUCTURES 

In  the  design  of  layered  structures  to 
withstand  the  conventional  weapons  effects 
the  following  considerations  were  applied: 


Layered  Structure  Type  1 

(reinforced  concrete-air 
-reinforced  concrete) 


In  the  case  of  a  direct  hit  of  an 
artillery  shell  the  layers  are  designed  as 
follows : 


Figure  4.  Layered  Structures 
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the  outer  reinforced  concrete  layer: 
to  stup  the  penetration  of  the  projec- 
ti la  and  to  induca  it's  explosion, 
the  air  gap:  to  prevent  direct  shock 
transfer  to  the  inner  reinforced 
concrete  layer. 

the  inner  reinforced  concrete  layer: 
to  withstand  the  blast  effects  going 
through  the  outer  layer  and  to  absorb 
all  secondary  concrete  fragments  of 
the  outer  layer. 


Layered  structure  type  3 


in  the  case  of  a  near  miss  of  an  air 
bomb  tne  layers  are  designed  as  follows: 


the  outer  reinforced  concrete  layer: 
to  withstand  fully  or  partially  the 
fragments  penetration  and/or  the  blast 
effects. 

the  air  gap:  to  preyent  direct  shock 
transfer  to  the  inner  reinforced 
concrete  layer. 

the  inner  reinforced  concrete  layer: 
to  withstand  the  remaining  fragments 
penetration  and/or  blast  effects  going 
through  the  outer  layer  and  to  absorb 
all  secondary  concrete  fragments  of 
the  outer  layer. 


Layered  structure  type  2 


(reinforced  concrete-soil 
-reinforced  concrete) 


In  the  case  of  a  near  miss  of  an  air 
bomb  the  layers  are  designed  as  follows: 


the  outer  reinforced  concrete  layer: 
to  withstand  partially  thf.  fragments 
penetration  and/or  the  blast  effects, 
the  soil  fill:  to  stop  the  primary 
fragments  penetration  an<i/or  the 
secondary  concrete  fragments  of  the 
outer  layer  and  to  partially  absorb 
the  shock  transfered  from  the  outer 
layer. 

the  inner  reinforced  concrete  layer: 
to  withstand  the  remaining  shock 
effects  transfered  through  the  soil 
fill. 


In  the  case  of  a  direct  hit.  of  a 
shaped-charge  projectile  the  layers  are 
designed  as  follows: 


the  outer  reinforced  concrete  layer: 
to  activate  the  projectile, 
the  soil  fill:  to  absorb  partially 
the  jet  effects. 

tne  inner  reinforced  concrete  layer: 
to  withstand  the  remaining  jet 
effects. 


(reinforced  concrete-rocks 
-reinforced  concrete) 


In  the  case  of  a  direct  hit  of  a 
shaped-charge  projectile  the  layers  are 
designed  as  follows: 


the  outer  reinforced  concrete  layer: 
to  activate  the  projectile, 
the  rock  fill:  to  absorb  partially 
the  jet  effects. 

the  Inner  reinforced  concrete  layer; 
to  withstand  the  remaining  jet 
effects. 


Layered  structure  type  4 
(steel-soil-steel) 


In  the  case  of  a  direct  hit  of  a 
shapod-charge  orojectlle  the  layers  are 
designed  as  follows: 


the  outer  reinforced  steel  layer: 

to  activate  the  projectile. 

the  soil  fill:  to  absorb  all  the  jet 

effects. 

the  inner  steel  layer:  to  hold  the 
soil  fill  in  place. 


Layered  structure  type  5 
(steel-concrete-steel) 


In  the  case  of  a  near  miss  of  an  air 
bomb  the  layers  are  designed  as  follows: 


the  outer  steel  layer:  to  contain  the 
concrete  fill,  to  reduce  the  fragments 
penetration  and  to  be  part  of  the 
blast-resistant  structure, 
the  concrete  fill:  to  withstand  the 
fragments  penetration, 
the  steel  connectors:  to  ensure  the 
overall  structural  blast  resistance, 
the  inner  steel  layer:  to  contain  the 
concrete  fill  and  to  be  part  of  the 
blast-resistant  structure. 
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LAYERED  STRUCTURES  COMPARED  TO 
CONVENTIONAL.  DESIGNS 


Case  1  -  Aboveground  structure  against  a 
direct  nit  of  an  artillery  shell 


Let  us  compare  a  layered  structure 
type  1,  as  illustrated  in  Figure  5,  to 
the  conventional  design  described  in 
Figure  lb. 


Figure  5.  Aboveground  layered 
structure  type  1 


\ 


Figure  t>.  Underground  layered 
structure  type  2 


The  advantages  of  the  layered  struc¬ 
ture,  as  compared  to  a  monolithic  rein¬ 
forced  concrete  structure,  are: 

-  the  overall  thickness  of  the  double 
concrete  wall  is  less  than  the  thick¬ 
ness  of  the  equivalent  monolithic 
wall. 

-  the  shock  transfer  through  the  walls 
is  greatly  reduced. 

•  there  is  no  danger  of  spalling  and 
therefore  no  need  for  anti-spalling 
measures. 

-  the  waterproofing  performance  of  the 
layered  structure  is  higher. 


The  advantages  of  the  layered  struc¬ 
ture,  as  compared  to  a  monolithic  rein¬ 
forced  concrete  structure,  are: 

-  the  overall  dimensions  of  the  struc¬ 
ture  are  siqnif icantly  reduced. 

-  the  dead  loads  are  much  lower,  resul¬ 
ting  in  a  lighter  structure. 

-  the  air  gap  can  be  used  for  services, 
equipment,  storage,  etc. 

-  the  design  of  the  layout  of  service 
ducts,  pipes,  cables,  etc  and  their 
penetrations  through  the  structural 
elements  is  much  simpler. 

-  the  construction  is  easier  and 
quicker. 

-  the  supervision  and  maintenance  of  ail 
the  services  is  much  easier. 


Case  2  -  underground  structure  against 
a  near  miss  of  an  air  bomb 


Case  3  -  Aboveground  structure  against 
a  direct  hit  of  a  shaped 
-charge  projectile 


Let  us  compare  a  layered  structure 
type  3,  as  illustrated  in  Figure  7,  to 
the  conventional  design  described  in 
Figure  3a. 


Figure  7.  Aboveground  layered 
structure  type  3 


Let  us  compare  a  layered  structure 
type  2,  as  illustrated  in  Figure  6,  to 
the  conventional  design  described  in 
Figure  2a. 


The  advantages  of  the  layered  struc¬ 
ture,  as  compared  to  a  monolithic  rein¬ 
forced  concrete  structure,  are: 

-  the  overall  thickness  of  the  double 
concrete  wall  is  less  than  the  thick¬ 
ness  of  the  equivalent  monolithic 
wall. 

-  the  construction  and  long-term  perfor¬ 
mance  problems  of  very  thick  concrete 
walls  are  eliminated. 
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COST-BENEFIT 

In  different  practical  applications 
of  layered  structures  it  was  found  that 
they  are  more  cost-effective  than  the 
equivalent  conventional  designs. 


SUMMARY  AND  CONCLUSION 

The  design  concepts  and  advantages 
of  layered  structures  were  presented  in 
comparison  to  conventional  designs  of 
hardened  structures. 

The  layered  structures  discussed  are 
not  theoretical  bet  have  been  construc¬ 
ted  and  therefore  should  be  regarded  as 
feasible  and  practical  designs. 

The  purpose  of  the  paper  was  to 
present  the  layered  structures  as  com¬ 
pared  to  conventional  designs  but  it  is 
not  the  author's  intention  to  generalize 
and  claim  that  layered  structures  are 
always  better  and  cheaper  than  conven¬ 
tional  hardened  structures.  It  remains 
the  designer's  task  to  decide  which  is 
the  optimal  solution  for  the  given  set 
of  threats,  site  conditions  and  con¬ 
straints  and  the  structure  type. 

However,  as  shown  he»*e,  the  layered 
structures  present  an  attractive  alter¬ 
native  in  the  right  environment  and  due 
to  the  present  experience  it  is  the 
author's  belief  that  in  the  future  the 
layered  structures  will  gradually  "esta¬ 
blish"  themselves  as  conventional  solu¬ 
tions  for  hardened  structures  against 
conventional  weapons. 
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ABSTRACT 

A  design  methodology  developed  previously  has 
been  applied  to  the  design  of  several  underground 
shelters.  The  methodology  accounts  for  the  effect 
of  structure-medium  interaction  (SMI)  but  requires 
little  extra  expense  beyond  that  of  a  conventional 
design,  e.g.  the  design  of  an  aboveground  shel¬ 
ter.  Results  cr  a  case  study  are  presented  In 
this  paper  to  Illustrate  the  methodology  and  Its 
potential  Impact  on  the  design  of  underground 
shelters. 


INTRODUCTION 

The  design  of  underground  shelters  against 
non-nuclear  munitions  should  Incorporate  the  ef¬ 
fects  of  dynamic  SMI,  l.e.  the  coupling  between  the 
response  of  the  buried  structure  and  the  load  ex¬ 
erted  by  the  medium  on  the  structure.  This  Inter¬ 
action  Is  known  to  change  significantly  the  magni¬ 
tude  and  distribution  of  the  structural  loading 
from  that  of  the  free-field  soil  [1].  The  design 
of  the  underground  shelter  is  correspondingly 
affected. 

An  exact  method  to  include  the  effect  of  soil- 
structure  interaction  on  shelter  design  Involves 
the  use  of  dynamic  finite  element  models  of  the 
complete  soil-structure  configuration,  in  order  to 
capture  the  complex  wave  mechanics.  Such  finite 
element  analyses  are.  In  general,  too  expensive  for 
design  purposes,  since  several  Iterations  are  usu¬ 
ally  necessary.  Through  our  research  effort  a 
design  methodology  is  developed  whereby  the  effect 
cf  SMI  Is  incorporated  in  the  design  procedure,  hut 
which  requires  little  extra  expense  beyond  that  of 
a  conventional  design,  e.g.  the  design  of  a  conven¬ 
tional  shelter.  This  methodology  makes  use  of  the 
transient  nature  of  the  munition  source,  the  spa¬ 
tial  and  soil  attenuation  of  the  blast  wave  from 
such  a  source,  and  an  approximate  SMI  algorithm. 
This  design  methodology  will  be  referred  to  as  the 
SMI  design  methodology  to  distinguish  It  from  con¬ 
ventional  design  methods.  It  consists  of  two  steps 
shown  schematically  in  Fig.  1.  The  modification  of 
the  structural  characteristics  In  step  (11)  to  ac¬ 
count  for  the  effect  of  Interaction  Is  accomplished 
in  a  systematic  manner,  and  Is  based  on  the  proper¬ 
ties  of  the  medium  and  structural  materials  and  the 
mechanics  of  dynamic  SMI.  Except  for  this  modifi¬ 
cation,  the  procedure  Is  Identical  to  that  for  a 


bare  structure  In  a  conventional  design.  Hence, 
the  cost  of  the  design  is  basically  the  same  as  for 
the  conventional  design.  Details  can  be  found  in 
[2]- 

CASE  STUDY 

The  prospective  shelter  to  be  designed  Is  a 
two-story,  fairly  rectangular,  reinforced  concrete 
building,  which  is  referred  to  as  the  ADCC  building 
(see  Fig.  2).  The  preliminary  plan  for  the  build¬ 
ing  Includes  twelve  distinct  roof  slabs  and  wall 
panels  which  must  be  sized.  Sizing  Involves  the 
determination  of  the  rebar  percentage  and  slab/ 
panel  thickness,  since  the  concrete  and  rebar 
types,  as  well  as  the  overall  dimensions  of  the 
slab/panel  and  munition  threat,  are  predetermined 
by  construction  and  operational  requirements.  The 
shelter  Is  to  be  burled  In  sand. 


Fig.  1  SMI  design  methodology. 
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Fig.  2  Layout  of  ADCC  structure. 

All  slabs  and  panels  were  analyzed  using  In¬ 
elastic  finite  element  models  with  20  elements 
along  the  length,  10  elements  along  the  width  and  4 
elements  in  the  thickness  direction.  Space  limita¬ 
tions  do  not  permit  all  the  results  to  be  Included 
herein.  Since  results  of  all  slab/panel  analyses 
are  fairly  similar,  they  will  be  illustrated  by 
using  results  for  Case  l.e.  the  design  of  roof 
slab  2  subjected  to  threat  A,  and  the  source  Is 


directly  above  the  center  of  the  slab.  In  particu¬ 
lar,  results  obtained  by  using  the  SMJ.  design  meth¬ 
odology  will  be  compared  with  results  of  a  conven¬ 
tional  approach.  In  the  latter,  the  ground  shock 
Is  simply  amplified  by  a  factor  of  two  and  then  ap¬ 
plied  to  the  structure.  This  should  be  contrasted 
with  the  SMI  design  approach  where  the  load  depends 
on  the  structural  response  at  that  time.  It  can  be 
shewn  that  the  mechanism  cf  Interaction  Is  also 
equivalent  to  the  addition  or  (radiation)  damping 
to  the  structural  response  [3], 

All  results  presented  in  what  follows  are 
based  on  a  preliminary  slab  configuration  with  4 
ksl  concrete  and  60  ksl  steel  rebars.  Reinforce¬ 
ment  Is  0.5  percent  top  and  bottom  In  the  vertical 
and  horizontal  directions.  Tine  sand  medium  is  as¬ 
sumed  t(  have  unit  weight  of  120  pcf,  a  1  nadir.... 
wavespeed  of  1000  fps  and  an  unloading  wavespeed  of 
3000  fps. 

Structural  Load— The  difference  ’'’tween  the  load- 
Ings  delivered  to  the  slab  accoru*ng  to  the  SMI  and 
conventional  methodologies  car.  be  ascertained  by 
comparing  the  pressure  contour  plots  shown  In 
Fig.  3.  In  the  conventional  approach,  the  apolied 
load  Is  not  affected  by  the  response  cf  the  struc¬ 
ture  and  the  piessuro  contour  surface  Is  strictly 
convex  (Fig.  3a).  /he  peak  pressure  occurs  at  the 
point  nearest  the  source,  l.e.  at  midspan,  and  the 
decay  of  pressure  with  range  and  time  Is  monotonic. 
On  the  other  hand.  In  the  SMI  method,  deflection  of 


t  *  93.  as  t  ■  <i>.  ms 

(a)  Convent  tonal  design  method 


t  •  35.  me 


t  •  37,  ms 


t  -  39,  me  t  •  <tl.  ms 


t  ■  43.  m  t  ■  «.  m 

<b)  SHI  design  method 


Fig.  3  Comparison  of  loadings  on  structure  according  to  conventional  and  SMI  design  methods. 
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(a)  Output  stations  and  sign  convention  (b)  Moment  distribution  along  horizontal  line 

near  plane  of  symmetry 


Fig.  4  Comparison  of  results  from 

the  slab  relieves  the  loading  acting  on  it.  Since 
the  loading  is  the  highest  at  midspan,  deflection 
of  the  midspan  Is  also  largest.  Relief  Is  large, 
which.  In  turn,  counteracts  the  high  loading. 

Hence,  once  the  structure  begins  to  respond  to  the 
Initial  applied  load,  the  pressure  contour  surface 
has  a  crater  shape  (Fig.  3b).  By  comparing  Figs.  3a 
and  3b,  it  Is  seen  that  both  the  magnitude  and  the 
spatial  distribution  of  the  load  are  very  differ¬ 
ent  In  the  two  cases.  At  later  times,  peak  pres¬ 
sure  1r,  the  SMI  case  tends  to  occur  near  the 
support,  since  the  support  corresponds  to  “hard" 
points  which  are  not  capable  of  any  load  relief. 

Moment  and  Shear— Because  of  the  effects  due  to  SMI 
on  the  magnitude  and  distribution  of  the  load,  the 
maximum  shear  and  moment  In  the  slab  computed  by 
using  the  SMI  methodology  will  be  different  from 
that  computed  by  using  conventional  procedures. 

The  difference  Is  qualitative  as  well  as  quantita¬ 
tive,  as  the  comparisons  In  Fig.  4  show.  In  this 
figure,  the  solid  line  corresponds  to  the  SMI  meth¬ 
od  and  the  dashed  line  the  conventional  method,  as 
described  previously.  The  sign  convention  for 
the  moments  My  and  Mz,  and  for  the  shears  Vy  and  Vz 
Is  described  In  Fig.  4a.  Structural  response  data 
are  obtained  for  three  lines  with  constant  values 
of  y,  I.e.  horizontal  lines  on  the  slab,  and  for 
three  lines  with  constant  values  of  z,  I.e.  verti¬ 
cal  lines  on  the  slab.  However,  only  some  repre¬ 
sentative  results  can  be  presented  here. 

With  reference  to  the  comparison  of  moments 
along  the  horizontal  plane  of  symmetry  of  the  slab 
shown  In  Fib.  4b,  the  magnitude  of  the  minimum  or 
maximum  moment  by  the  SMI  method  Is  uniformly 
smaller  than  that  by  the  conventional  method.  The 
difference  Is  approximately  40  percent  for  the  peak 
negative  moment,  while  the  difference  for  the  peak 
positive  moment  Is  much  larger.  The  former  Is  due 


SMI  and  conventional  design  analyses. 

to  the  load  relief  effect  of  the  Interaction.  The 
latter  Is  due  to  the  damping  effect  of  the  Inter¬ 
action.  The  rebound  In  the  slab  Is  greatly  dim¬ 
inished  due  to  radiation  damping,  as  will  be 
described  presently.  The  difference  In  shears  fol¬ 
lows  the  same  pattern  as  the  difference  In  moments, 
but  will  not  be  Illustrated. 

Instructure  Motion— Another  Important  SMI  effect 
which  Is  often  Ignored  In  conventional  design  can 
be  described  with  reference  to  Fig.  5.  In  this 
figure,  a  representative  slab  velocity/time  trace 
Is  compared  with  Its  counterpart  obtained  using  the 
conventional  method.  Recall  In  the  conventional 
method  being  discussed,  the  blast  1o«d  Is  simply 
amplified  by  a  factor  of  two.  Since  the  source  Is 
directly  above  the  center  of  the  slab  In  this  case, 
the  slab  response  Is  fairly  stiff  for  this  threat 
environment,  and  no  structural  damping  Is  assumed. 


Fig.  5  Comparison  of  velocity-time  traces  from  SMI 
and  conventional  design  analyses. 
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the  time  trace  corresponding  to  the  conventional 
method  (dashed  line  In  Fig.  5)  Is  the  response  of 
an  undamped  elastic  system  subjected  to  Impulsive 
loading.  The  SMI  response  shown  as  the  solid  line, 
on  the  other  hand,  exhibits  very  strong  damping 
which  not  only  contributes  to  the  reduction  of  the 
peak  velocity  In  the  first  half  of  the  loaded 
cycle,  but  also  changes  the  subsequent  response 
very  significantly.  This  phenomenon  Is  called 
radiation  damping  and  can  be  traced  directly  to 
the  Interaction  mechanics  [3].  It  Is  clear  that 
the  spectral  contents  of  the  solid  and  dashed 
lines  In  Fig.  5  are  very  different.  Hence,  equip¬ 
ment  attached  to  the  roof  or  wall  will  be  sub¬ 
jected  to  very  different  excitations  according  to 
these  design  methods,  with  Important  consequences 
on  their  shock-isolation  requirements. 

SUMMARY 

The  effects  of  dynamic  SMI  can  change  signi¬ 
ficantly  the  magnitude  and  distribution  of  the 
structural  loading  and,  hence,  should  be  considered 
In  the  design  of  underground  shelters.  In  addition 
to  structural  survivability,  these  effects  can 


Impact  other  system  design  considerations  as  well. 
The  SMI  design  methodology  Illustrated  herein  by 
using  a  case  study  Incurs  little  extra  cost  when 
compared  with  conventional  design  procedures.  How¬ 
ever,  It  may  lead  to  significant  savings  by  provid¬ 
ing  more  realistic  estimates  of  the  design  loads 
and  peak  structural  response. 
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ABSTkACT 


Tha  flaxural  strength  of  or tho tropically 
ralnforcad  flat  plate  floor  aystaae 
subjected  co  coablnat ions  of  distributed 
and  cooeancratad  loads  la  analysed.  Savsral 
upper  bound  solutions  corresponding  to  dif¬ 
fer  ant  yield  line  patterns  are  obtained. 
Both  coliara  reactions  and  concentrated 
panel  loads  are  assueed  to  act  over  finite 
areas  rather  than  point  loads.  Tha  analysis 
is  Halted  to  Interior  panels  of  an  infi¬ 
nite  systoe,  with  all  panels  Identical  and 
subjected  to  identical  loadings.  It  has 
been  found  that  a  series  of  critical  pat¬ 
terns  Merges ,  whose  geoeetry  depends  on 
the  geoeetry  of  the  ■ tree cure,  the  distri¬ 
bution  of  the  ralnforcaaant,  and  tha  loca¬ 
tions,  shapes  and  slsss  of  the  patch  loads. 


LIST  OP  SYMBOLS 


*1  t0 


x  direction  dlaenslons  of  ellip¬ 
tical  fans  in  collapse  aacha- 

nlaes 


b,  to  b1< 


y  direction  dimensions  of  ellip¬ 
tical  fans  in  collapse  aechanisas 


side  dlaenslons  of  a  colon  in 
tha  x  and  y  directions,  rasp  acti¬ 
vely 


K  -  wll*/ulk 

•S.™ 


coefficient  related  to  the 
yield  line  pattern 


negative  yield  aoeent  per  unit 
length  provided  by  top  tension 
reinforcing  bars  placed  parallel 
to  tha  x  axis 


k> 


positive  yield  aoeent  per  unit 
length  provided  by  bottoa  tension 
rebars  placed  parallel  to  the  x 
axis 


negative  yield  aoaent  per  unit 
length  provided  by  top  tension 
rebars  placed  parallel  to  the  y 
axis 


■  f-  i.*v  .;\\v . 


negative  yield  aoeant  per  unit 
length  provided  by  bottoa  tension 
rebars  placed  parallel  to  the  y 
axle 


1,11 
l*  lv 


side  dlaenslons  of  a  panel  In  x 
and  y  directions,  respectively 


coordinates  of  the  centroid  of 
the  concentrated  load  within  a 
panel 


unit  yield  aoaent  per  unit  length 


a  £  k  »  a(k£+  k,+  kj+  k*>  ■  total  posi¬ 
tive  plus  negative  aoaent  realet 
leg  capacity  of  the  slab  in  two 
orthogonal  directions 


-  applied  concentrated  load 


a  ,  A,e 


side  dlaenslons  of  the  ares 
covered  by  e  concentrated  load 


"  collapse  load  per  unit  area 


(ki  +  kt)/(k£  *  k9)  coefficient 
of  orthotropy 


w  11*7  P 


load  ratio 


miDDocTioa 


Celuan  supported,  relaf oread  concrete  flat 
slabe  or  flat  plates  are  subjected  to 
large  beading  aoaeate  end  shearing  forces 
at  their  connect ioae  with  the  colussas. 
Zither  or  both  of  these  effects  can  canes 
failure  by  punching  of  tbs  slab.  Buck 
slabs  are  typically  designed  for  distri¬ 
buted  loads.  Bowever,  they  are  frag neatly 
also  loaded  with  coaceatreted  or  patch 
loads  such  as  aachiasry,  forklift  trucks, 
stc. ,  sad,  la  the  dyaeaic  range,  aisslles 
or  explosives.  The  flexural  strength  and 
collapse  aechanisas  of  such  slabe  when 
subject  to  coab last loan  of  distributed  end 
concentrated  loads,  have  not  previously 
been  reported  on  In  the  literature. 

Baiaforced  concrete  slabe  with  usual 
relnforcoaent  ratios  exhibit  a  great  deal 
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of  ductility  In  flexure.  Taste  on  slabs 
•how  that  extensive  daforaatlona  occur 
bafora  thalr  ultlaata  strength  la  raachad 
and  that  tha  tanalon  reinforcement  In  tha 
vicinity  of  concantratad  load*  or  aupporta 
ylalda  bafora  punching,  thus  permitting 
larga  rotations  to  occur.  This  ductlla 

bahavlor  anablas  slab  systems  to  redistrl- 
buta  moments  prior  to  collapaa,  provided 
that  ahaar  fallura  la  prevented.  Tha  re- 
aaarch  raportad  haralc  la  concarnad  with 
tha  lnalastic  analysis  of  tha  flexural 
atrangth  of  orthotroplcally  rainforcad 
slabs  supportad  on  columns  and  loadad  with 
coablnad  distributed  and  concantratad 
loads.  Shaar  atrangth  has  baan  daalt  with 
frequently  In  tha  lltaratura  and  la  not 
considered.  It  la  obvious,  howavar,  that 
flexural  distress  la  unlikely  to  enhance 
ahaar  resistance. 

DESIGN  METHODS 

Sect.  13.3.1  of  tha  ACI  (318-83)  Coda 
states  that  "A  slab  syataa  nay  ba 
designed  by  any  procedure  satisfying 
conditions  of  equilibrium  and  geometric 
compatibility...*  and  Sect.  13.3.1.1  names 
two  methods  of  design  of  slab  systems 
subjected  to  gravity  loads  only.  Howavar, 
concentrated  loada  cannot  ba  handled  cor¬ 
rectly  by  these  methods  and  elastic,  a.g. 
finite  element,  methods  give  unrealistic 
results  at  corners  of  patch  *»;  concen¬ 
trated  loads,  or  supports,  l.e.tha  vary 
locations  where  fallura  usually  Initiates. 

The  flexural  limit  strength  of  rain 
forced  concrete  alabs  can  generally  ba 
predicted  quite  accurately  by  making  use 
of  the  yield  line  theory.  This  method  is 
also  Ideally  suited  for  dueling  with  cor¬ 
ners  of  concentrated  loads  or  supports  by 
means  of  yield  fan  mechanisms  and  has 
given  good  correlation  with  a  large  number 
of  experiments. 

The  yield  line  theory  will  therefore, 
ba  used  hare. 

THE  ANALYTICAL  MODEL 

The  slab  syataa  to  be  analysed  is 
supportad  on  columns  so  arranged  as  to 
divide  It  Into  rectangular  panels.  Sea 
Fig.  1.  A  concantratad  load,  P,  will  ba 
assiaMd  to  ba  distributed  over  a  small 
rectangular  area  of  dimensions  s  and  *,J  , 
aa  shown.  Tha  entire  slab.  Including  tha 
area  beneath  P,  will  carry  a  uniformly 
distributed  load  of  magnitude  w  per  unit 
area  which  may  ba  aalf  weight  plus  say 
additional  distributed  surcharge. 

Tha  analysla  will  ba  limited  to  Inte¬ 
rior  panels.  It  la  also  assumed  that  all 
Interior  panels  are  Identical  and  are  Idan 
tlcally  loadad.  Concantratad  load  will  ba 
assumed  to  ba  distributed  over  small  rec¬ 
tangular  areas,  as  Is  tha  case  In  many 
real  situations,  and  magnitudes  and  foot¬ 
print  areas,  as  wall  as  locations  within 
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a  panel,  ara  arbitrary. 

MODES  OP  COLLAPSE  IN  THE  SLAB 

The  yield  lloa  analysis  has  baan 
carried  out  using  tha  virtual  work  method 
aa  presented  by  Johans am  (3].  The  method 
is  based  on  a  postulated  geometrically  ad¬ 
missible  collapse  Mechanism. 

In  say  analysis  of  flexural  strength 
by  means  of  yield  line  theory  it  la  neces¬ 
sary  to  consider  all  reasonable,  geometri¬ 
cally  admissible  collapse  mechanisms.  The 
one  giving  tha  lowest  upper  bound  on  the 
collapse  load  will  control. 

Among  tha  many  factors  which  can 
Influence  tha  flexural  collapse  of  flat 
slabs,  those  being  studied,  arai 

1)  tha  coefficient  of  orthotropy, 

2)  tha  geometry  of  the  panel, 

3)  the  aspect  ratios  and  sixes  of 
columns  and  the  footprints  of  the 
concantratad  loads, 

A)  relative  magnitudes  of  the  cone an 
tratad  and  distributed  loada, 

3)  tha  locations  of  tha  concentrated 
loads  In  s  panel,  sad 

6)  tha  relationships  between  total 
yield  aoment  resistance  available 
in  tha  slab  and  the  loada. 

Since  tha  yield  line  mechanisms  for 
tha  problem  under  Investigation  nay  in 
solve  yield  fans  forming  both  at  colimn 
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reactions  and  around  concentrated  load*,  a 
question  arise*  regarding  possible  intarac 
cions  among  the  fans.  This  problsai  has 
never  previously  been  addressed. 

The  most  likely,  geometrically  admis 
slble  yield  line  patterns  for  the  problem 
at  hand  are  shown  in  Fig.  2. 

They  include  both  simple  overall  folding- 
type  yield  line  mechanisms  (Cases  A  and  B), 
simplified  straight  line  mechanisms  (Cases 
C,D,E  and  F)  and  standard  fan-shaped  flexu¬ 
ral  punching  mechanisms  (Cases  C  and  H),  as 
well  as  more  complex  mechanisms  involving 
interacting  elliptical  fans  in  simulta¬ 
neously  forming  load  and  column  punching 
mechanisms  (Cases  I,J,K  and  L).  A  positive 
yield  line  is  defined  as  a  plastic  hinge  in 
which  the  rotation  la  convex  down.  The  re¬ 
verse  is  true  for  a  negative  yield  line  . 
Positive  yield  lines  are  shown  in  Fig. 2  as 
dashed  lines,  negative  as  thin  solid  lines. 

The  governing  equations,  expressing 
the  relationship  between  the  yield  moment 
capacities  of  the  slab  and  the  collapse 
load  for  a  particular  pattern  of  yield 
lines,  were  derived  and  solved  by  numeri¬ 
cal  minimisation  schemes  [4). 

RESULTS  OF  THE  YIELD  LINE  ANALYSIS 

As  an  illustration,  an  Isotropically 
reinforced  system  with  square  panels  and 
point  columns  and  loads  (to  compare  with 
known  solutions  for  extreme  values  of  m) 
[1,3,5],  was  analyzed. 

Two  locations  of  concentrated  load 
are  analyzed:  when  the  centroid  of  the 
concentrated  load  falls  on  the  top  left 
quarter  point  of  a  panel  and  when  it  falls 
on  middle  point  of  a  panel. 

The  results  are  presented  in  terns  of 
the  coefficient  K  in  Tables  1  and  2,  where¬ 
in  K  “  w  AltymEk.  They  are  also  plotted 
using  a  logarithmic  scale  in  Fig. 3  and 
Flg.4,  respectively.  The  formulae  for  K  as 
derived  by  yield  line  analysis  are  not 
given  here  for  lack  of  space,  but  are  avail¬ 
able  to  Interested  parties  upon  request. 

As  can  be  seen  from  the  graphs,  when 
the  concentrated  loads  are  applied  in  the 
middle  of  panels,  the  folding-type  mocha 
nlsms  (Case  A  ,or  B)  give  the  lowest  values 
for  the  load  ratios  of  up  to,  approximate¬ 
ly,  equal  to  2.  For  higher  ratios  of u  the 
column  punching  mechanism  will  control  the 
collapse. 

For  concentrated  loads  applied  at 
quarter  points  of  panels  the  combined 
column  and  load  flexural  punching  mechanism 
(Case  K,  or  L)  governs  for  load  ratios  u  up 
to,  approximately,  equal  to  .75.  For  higher 
ratio*  of  again  the  column  punching  me¬ 
chanisms  will  control  the  collapse. 

The  Influence  of  other  parameters, 
e.g.  the  ratio  of  transverse  to  longitudi¬ 
nal  reinforcement  in  the  slab  (l.e.  coeffl 
clent  of  orthotropy),  size  of  the  footprint 
of  the  concentrated  load  and  other  loca¬ 
tions  of  the  concentrated  load*  can  be 
found  in  [2]. 


Fig.  2  Yield  Line  Pattern-  for  Flat  Plats  Floor 
System 
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Table  1  Value*  of  K  for  concentrated  load  at  quarter  point  of  panels 


/*-l  ,*-l  ,  1*-  ly“  *25 
Point  loads  and  supports 


Case 

.010  .025 

.100 

.250 

a> 

.500 

1 

10 

100 

1000 

A  , 

6 

.027 

.254 

_ 

_ 

1.781 

3.635 

3.968 

4.004 

C 

.053 

.517 

- 

4.010 

12.346 

15.586 

16.006 

D 

.053 

.501 

- 

- 

3.207 

6.970 

7.896 

8.003 

B 

no 

no 

no 

10.314 

11.821 

11.982 

G 

.0314  .078 

.313 

.774 

- 

2.734 

- 

- 

- 

H 

.0312  .077 

.287 

.634 

1.058 

1.589 

2.896 

3.155 

3.184 

I  , 

J 

.0224  .056 

.220 

.533 

1.036 

no 

no 

no 

no 

K  , 

L 

.0219  .055 

.218 

.540 

.951 

no 

no 

no 

no 

-  value  was  not  calculated 

-  mechanism  will  not  form 

Values  of  it  for  concentrated  load  at  quarter  point  of  panels 


M"1  |1"1  |  Iji*  1^“  .5 
Point  loaas  and  supports 


CIO  .025 

.100 

.250 

.500 

i 

10 

100 

1000 

020 

.191 

_ 

1.336 

3.340 

3.929 

4.000 

040 

.388 

- 

3.004 

9.247 

11.674 

12.000 

040 

.375 

“ 

- 

2.402 

5.220 

5.914 

6.000 

040 

.387 

- 

- 

3.000 

9.231 

11.650 

12.000 

0314  .078 

.307 

.742 

1.397 

- 

- 

- 

- 

0312  .077 

.287 

.634 

1.058 

1.589 

2.896 

3.155 

3.184 

0314  .078 

.311 

.773 

2.044 

no 

no 

no 

no 

0269  .067 

.264 

.673 

no 

no 

no 

no 

no 

.154 

- 

- 

- 

3.706 

3.910 

3.998 

4.0CO 

value  waa  not  calculated 
mechanism  will  not  form 


.1  .23  .5  1. 


.1  .2)  .5  I. 


fig.  3  Collapse  load  vs.  load  ratio  for 
different  Yield  Line  Patterns  for 


Pig.  4  Collapse  load  vs.  load  ratio  to 
different  Yield  Line  Patterns  for 


CONCLUSIONS 


It  has  been  found  that  different 
mechanisms  can  control  tha  col laps* •  Which 
particular  aechanlsm  becomeo  critical  da- 
panda  on  tha  coablnatlona  of  variables 
which  characterize  a  particular  slab  eye- 
tea*  Some  of  the  equations  derived  consti¬ 
tute  a  generalization  of  elliptical  fan 
equations  derived  by  Sawczuk  and  Jaeger, 
and  aquations  derived  by  Gesund  for  casea 
of  flexural  punching  of  column  aupported 
alaba  eubjected  to  distributed  load  only, 
and  boundary  aupported  alaba  subjected  to 
combined  "ISRlngs . 

Further  study  la  needed  1)  to 
evaluate  the  effect  of  these  paraaetera, 
for  exterior  and  corner  panels,  2)  to 
develop  reasonably  accurate  but  staple 
strength  predictions  which  can  be  readily 
used  by  the  engineering  profession,  and  3) 
extend  the  work  to  Irregular  layouts  of 
columns  and  loads. 

Some  experimental  verification  has 
been  carried  out  [2],  but  aora  would  be 
desirable  to  assure  that  no  possibly 
critical  mechanisms  have  been  overlooked. 
Knowing  how  gently  curved  the  solution 
surfaces  obtained  from  Yield  Line  Theory 
are,  however.  It  la  extremely  unlikely  that 
any  alternate  mechanism  could  give  an  uppar 
bound  on  the  collapse  load  which  would  be 
as  much  as  25Z  less  than  the  lowest 
presented  here. 
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ABSTRACT 


Through  the  analysis  of  beam- type 
underground-structure,  a  new  model  for 
the  interaction  between  back  filling 
soil  and  underground-structure  under 
blast  loading  is  presented.  Such  that 
the  underground-structure  can  be  predi¬ 
cated  correctly. 

A  Finite  Element-Curve  Fitting 
method  for  determining  the  rigidity  of 
back  filling  soil,  which  is  a  basic  com¬ 
ponent  factor  of  the  model,  is  also 
given  in  this  paper. 

The  calculated  results  based  on 
this  proposed  model  and  the  dynamic 
experiments  of  shallow-embedded  beams 
were  in  good  agreement. 


INTRODUCTION 


The  model  of  soil-structure  interac¬ 
tion  (SSI)  of  underground— structure , 
according  to  that  by  means  of  which  part 
of  the  SSI  system  discussed  was  taken  from 
,  may  be  divide  into  two  forms:  associated 
and  disassociated.  The  associated  model  is 
that  in  which  the  medium/ structure  should 
be  considered  as  a  whole  and  analysed  by 
using  the  finite  element  method  in  an  or¬ 
dinary  way.  On  the  contrary,  the  disasso¬ 
ciated  model  is  actually  the  structure 
itself  separted  from  medium  and  while  ana¬ 
lysed  the  influence  of  SSI  should  be  taken 
account  in. 


It  is  obvious  that  the  analysis  for 
underground-structure  by  the  associated 
model  is  more  complicated  than  the  disas¬ 
sociated.  3o  it  needs  further  laborious 
works  and  requires  the  computer  with  more 
large  storage. 


The  disassociated  model  has  been  stu¬ 
died  in  different  way  by  some  researchers. 
In  this  paper,  a  new  disassociated  model 
for  the  dynamical  analysis  of  underground- 
structure  under  blast  loading  is  given. 


DESCRIPTION  OF  MODEL 


Take  the  beam- type  structure,  show  in 
Fig.  1  which  might  be  the  top  slab  of  sub¬ 


way,  as  an  object  of  study.  And  take  it  as 
the  plane  strain  problem  when  the  surface 
of  earth  was  overspread  with  distributed 
load 8. 


cxunn 


Tv 


A.  Earth  Pressure ( static  equilibrium) 


B.  Earth  Pressure( dynamic  displacement) 


Fig.  1  Earth  Pressure  on  the  Beam 


Before  the  blast  loads  acting,  the 
earth  pressure  can  be  obtained  by  the  con¬ 
ventional  formulae  in  the  soil  mechanics. 
For  the  shallow-embedded  structures  con¬ 
structed  by  the  cut-and-cover  method,  the 
earth  pressure  should  be  using  Tersaghi's 
formula  that  is  well  known. 


It  is  should  denoted  here  that  these 
formulae  given  by  soil  mechanics  of  today 
are  only  suitable  for  the  state  of  static 
equilibrium.  While  the  displacements  dyna¬ 
mically  occurring,  the  original  earth  pre¬ 
ssure  Tv  is  no  longer  keeping  unaltemated 
and  should  be  equal  to  the  contact  pre¬ 
ssure  Tw  between  ao?l  and  beam,  obtained 
by  the  conditions  of  compatibility  in  the 
static  sense  under  the  pressure  Tv.  The 
pressure  Tw  should  be  maintained  until  the 

dynamical  displacements  vanished.  So  that, 
in  the  period  of  dynamic  exciting,  the 
effects  of  the  contact  pressure  Tw  on  the 
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responses  of  the  bean  equivalent  to  some 
mass  added  upon  the  beam.  The  mass  is  equal 
to  Tw/g  and  may  be  called  as  "  Equivlence 
mass  "  conveniently,  (g  is  the  acceleration 
of  gravity) 

The  procedure  of  the  responses  of  the 
beam  under  blast  loading  may  be  illut ratted 
by  the  concept  of  wave  dynamics.  The  pro¬ 
cedure  might  be  divided  into  two  phases  ( 

He  1979  ):  constrained  and  unconstrained. 

In  the  constrained  phase,  suppose  that  the 
beam  is  applied  by  an  imaginary  "  fixed- 
rigid  "  constraint,  shown  in  Fig.  2  . 


Ti  ►  Ts 

rr  EH  i  ?  nc 

" ; ixed-rigid"  constraint 
A.  Constrained  Phase 


Ti  *■  Ts  +•  Tr 

B.  Unconstrained  i’hase 


[•ig.  Dynamic  Loads  on  the  Beam 


While  the  incident  stress  wave  imping¬ 
ing  upon  the  upper  surface  of  the  beam,  the 
scattered  wave  should  be  generated.  Let  the 
incident  and  scattered  stresses  represented 
by  TL  and  Ts  respectively. 

Next,  the  unconstrained  phase,  to  free 
the  beam  from  the  imaginary  constraint,  the 
deformation  and  the  displacement  should 
happen.  These  disturbs  will  input  forcefu¬ 
lly  into  the  medium.  Then  the  radiated  wave 
will  generate.  Let  the  radiated  stress  be- 
ween  the  soil  and  the  upper  surface  of  the 
beam  represented  by  Tr  .  Generally,  the  ex¬ 
pression  for  it  might  be  represented  by  the 
following  formula  (  He  1979*, 1980  ): 

Tr  =  -  (  KU  +  C6  )  ( 1 ) 

where  U  =  disturb( displacement  or  deforma¬ 
tion  of  beam) 

U  =  rate  of  change  of  disturb  with 
respect  to  time 

K  =  rigidity  function  of  soil 

C  =  damping  function. 


..  tv  v;  r.1  v.  w;  -  . 


From  theoretical  analysis,  it  had 
been  known  that  the  functions  depend  on  the 
properties  of  soil,  the  geometrical  para¬ 
meters  of  where  discussed  on  the  beam,  the 
height  of  soil  covered  over  the  beam  (as  a 
semispace  problem)  and  the  frequency  of 
dl sturb. 

The  stress  Ti  should  be  given  certain¬ 
ly  in  practice r  and  then  the  stress  Ts  may 
be  obtained  theoretically.  But  the  stress 
Tr  is  almost  unknown,  it  is  a  function  of 
U  and  u  mentioned  above. 

In  essence,  the  SSI  is  equal  to  the 
radiated  stress  plus  the  action  of  inertia 
of  equivalent  mass  M  .  Therefore,  the  new 
SSI  model  proposed  this  paper  can  be  gener¬ 
ally  expressed  in  the  following  form: 

(  SSI  )  =  -  (  KU  +  CO  +  MU  )  (2) 

If  let  the  proposed  model  discrete 
for  numerical  analysis,  a  schematic  diagram 
for  the  beam  is  shown  in  Fig.  3  . 


Fig.  3  A  Schematic  Diagram  for  SSI 


In  the  figure,  K, ^  =  abK'  ,  a  =  dis¬ 
tance  between  Joint  ••  i  and1Jj  on  the 
beam,  b  =  width  of  the  beam,  K'  ,=  distri¬ 
buted  rigidity  function.  The  1Jfunction 
means  that  the  distributed  force  to  be 
needed  for  generating  an  unit  displacement 
at  point  i;  the  distributed  force  acts  on 
the  soil  at  a  range  Just  length  a  with 
the  midpoint  of  point  J  .  Similar  defini¬ 
tions  for  ,  M^,  M j  and  Mg  may  be  given. 

In  the  following,  function  K  is  found 
by  static  elasticity.  So  that  the  proposed 
SSI  model  belongs  to  quasi-static. 

SOIL  RIGIDITY  FUNCTION 

From  that  indicated  above,  the  rigidi¬ 
ty  function  for  any  discrete  point  i  can  be 
written  as  h/l,  E,  >>  ).  It  is  depend- 


85 


li.ilP  'r.a^  r^r  *  ■«"  ;.«-t  ■-  v*-’  wv 


ing  on  the  relative  height  of  covered  soil 
h/l  and  the  property  of  soil  (  Young' s  mo¬ 
dulus  E  and  Poisson' s  ratio  *  ) .  In  which, 
h  is  the  height  of  covered  soil  and  1  is 
the  span  of  beam. 

The  Finite  Element-Curve  Fitting  me¬ 
thod  for  detemination  of  the  rigidity  func¬ 
tion  is  shortly  mentioned  below.  The  method 
is  divided  into  two  steps.  First, by  using 
finite  element  method r  the  values  of  K.  . 
for  discrete  points  h/l  =  .25,  .50,  .75J 
1.00,  1.25,  1.50  are  obtained.  And  then 
the  rigidity  functions  should  be  given  by 
using  the  curve  fitting  method  for  these 
discrete  values.  Conveniently,  let  V  =  1/3. 


o  .5  1.0  1.5 


Fig.  4  Soil  Rigidity  Functions 

These  functions  should  be  written  as 
the  followings 

Kn(  h/l,  E,  v  )  =  E(.03297(h/1)  - 

.024231  (h/l)*  +  . 006566 ( h/l )J  )  (3) 

K2i(  h/l,  E,  V  )  s  E(. 03141 (h/l)  - 

.01 6491  (h/l)*  +  .003253(h/l)3  )  (4) 

K?2(  h/l,  E,  »  )  =  E( .0431 5(h/l)  - 

.020451  (h/l)1  +  .00671  3( h/l )5  )  (5) 

K12(  h/l,  E,  «/  )  =  2K21(  h/l,  E,  b  )  (6) 

NONLINEARITY  of  soil 

The  rigidity  functions  given  above  are 
based  on  the  hypothesis  of  linear  elastici¬ 
ty.  But  the  strains  of  soil  might  be  larger 
than  1/10000  while  the  blast  loads  acting 
on;  the  nonlinearity  would  be  appeared.  So 
that  the  influences  of  it  must  be  consider¬ 
ed.  It  may  be  treated  with  the  Newton- 
Raphson  method  for  modifying  the  modulus 
E. 

The  equivalent  strains  of  soil  under 
the  giving  loads  q( kg/cm*  )  can  be  calculat¬ 
ed  bj  the  Finite  Element-Curve  Fitting  me¬ 
thod  also; 

Y  =  ql*/0(h/l)E  (7) 

where  ,3 (h/l)  =  strain  function 


P  (h/l)  =  4050(h/l)  -  61 5(h/l)  + 

245 (h/l)  (0) 

The  secant  modulus  E(kg/cri^)  of  soil 
is  obtained  by  the  Newton-Raphson  method 
from  the  stress-strain  curve  and  Equ.  7  . 
After  some  circles  of  iteration,  the  pre¬ 
cise  value  of  E  corresponing  with  actual 
strain  of  soil  is  obtained.  Then  substitu¬ 
ting  E  in  Equ.  3-6,  the  modified  rigidi- 
funtions  are  given. 

EQUIVALENT  MASS 

From  Terzaghi's  formula  for  soil  pre¬ 
ssure,  the  Boil  weight  acting  on  the  joint 
1  or  2  of  the  beam  (shown  in  Fig.  3)  is: 

W  =  abTv  (9) 

By  the  conditions  of  compatibility, 
the  equivalent  masses  at  joint  1  and  2  can 
be  obtained: 

M,  =  W((l/k12+1/K12)(l/K2l+1/K22)-(l/k22 
-H/K22)(l/K11+l/K1?))/g((l/k21  +  l/K21 
Hl/K, 2+l/k12)-(l/k11+1/K11)(1/k22+ 

i/k22))  (10) 

M2  =  4((l/k21+l/K21)(l/K12+l/K11)-(l/kn 
+1 /K, 1 ) ( 1 /K22+1 /K21 ) )/g( ( 1 /k2, +1 /K21 

)(l/K12+1/k12)-(1/k11+1/K11)(1/k22+ 
i/k22))  (11) 

where  k^^  rigidity  of  the  beam.  Its  defi¬ 
nition  is  similar  to  K^. 

Discussion  on  Equ.  10  and  11: 

1.  If  soil  is  more  rigid  than  beam, 

K^^k^j  then  M2=  0 

2.  If  the  rigidity  Boil  and  beam  is  equal 

to  each  other,  K  .=*  kj,  then  M.=  M2 

-  W/2g 

3.  If  beam  is  more  rigid  than  soil, 

kiJ*  Kij  the“  Ml”  M2=  * 

From  above,  the  general  aspects  varia¬ 
tions  for  the  equivalent  mass  may  be  found 
out. 

After  some  statistical  simplifications 
,  Equ.  10  and  11  might  be  written  in  fol¬ 
lowing  forms: 

1 .  For  the  simply  eupported  beam 
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fixed-end  beam 


M,  =  (6.69  1 0“3  ® K. . 
e  +  10,94 

M2  =-(7.34  10~3  eKn 
e2  +  10.94 

2.  For  the  fixed  end 


+•  .  351  2)/(  23.72  10~6 

10"3eK..  +  .3512) 

11  (12) 

-  .3512)/(23.72  10”6 

10”  3  0  K. .  +  .3512) 

11  (13) 


beam 


M,  =  (3.11  10~,9K11  +  .  351 2)/(  3.05  10-6 

62  K2.  +  2.91  10“3BK11  +  .3512) 

11  11  (14) 

M2  =-(2.20  10-3  •  K1 ,  -  . 351 2)/( 3.05  10-6 

92  K2  +  2.91  10’3eK.,  +  .3512) 

11  11  (15) 

where  g  =  (E/E)(h/d)3;  relative  rigidity 

parameter 
d  =  height  of  beam 
E  =  Young' 8  modulus  of  material  for 
beam. 
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Fig.  5  Contact  Forces 


Illustrative  example:  Suppose  a  steel 
beam  with  span  1=1 00cm,  height  d=2cm  and 
modulus  E=2l00000kg/cm*.  The  distributed 
blast  loading  q=1 kg/cm*.  The  modulus  of 
soil (for  initial)  E=200kg/cm*.  Find  the 
equivalent  masses  for  the  different  heights 
of  covered  soil. 

By  using  Equ.  12-15,  the  equivalent  mass¬ 
es  should  be  obtained.  And  then,  the  varied 
relations  between  the  relative  equivalent 
mass  (  M./M  ,  M2/  M  )  and  the  relative 

height  of  £  covered  soil  (  h/l  )  are 
given  in  Fig.  6  for  observing  and  comparing 
conveniently .  In  which  M  =  W/g. 


Fig. 6  Relative  Equivalent  Mass 


COMPARISONS  WITH  EXPERIMENTS 

The  data  of  the  experiments  were  known 
as  that:  the  span  and  height  of  the  steel 
beam  is  70cm  and  2cm  respectively;  the  wei¬ 
ght  per  unit  volume  and  modulus( initial)  of 
soil  is  .00143kg/cm*  and  1000kg/cm*  for 
sand (Experiment  No.  1),  and  .00189kg/cm* 
and  200kg/cm*for  clay(Experiment  No.  2) 
respectively. 

For  verifying  the  proposed  model,  the 
comparisons  with  experiments  are  given.  It 
is  convenient  to  choose  the  fundamental 
frequency  of  structure  for  comparing. 

The  fundamental  frequency  can  be  de¬ 
termined  by  the  following  formula  obtained 
by  using  the  proposed  model  for  the  beam 
as  well  as  that  shown  in  Fig.  3. 

«  =  ((A  -  (A2  -  4«B)*)/2(Mb+  M2)B)* 

(16) 

where  A  ,  1/(Kn  +  k,  y )  +  1/(K22  +  k22) 

B  -  1/(Kn  ♦  kn)(K22  +  k22)  - 

^(Kgi  +  k21  )(K12  +  k12) 


T*7,'.T'^ V-'IS"."--" TO'-  L"'1'."' I"*  A  '."T'.-I'A'V -■»  '  .V^T 


S'  "S'  *■  r  -  -» 


v, 

*.« 


•n^T" 


«  =  (Mfe  +  W2)/(Mb  +  Mt) 

M.  =  concentrated  discrete  mass  of 
beam  at  joint  1  and  2  . 

In  Equ.  16,  the  damping  had  been  neg¬ 
lected. 

If  let  K.  =0,  then  the  fundamental 
frequence  for1,Jthe  beam  of  uncovered  soil, 
will  be  given. 

The  coparisons  are  given  in  Fig.  7-8. 

It  is  shown  that  the  calculated  based 
on  the  proposed  model  were  in  good  agree¬ 
ment  with  the  results  of  the  experiment  No. 

1  and  No.  2. 

CONCLUSIONS 

The  new  SSI  model  proposed  in  thiB 
paper  can  correctly  reflects  the  practicl 
behaviours  of  the  underground-structures 
under  blast  loading.  And  then  it  is  effec¬ 
tive  and  useful  for  the  purpose  of  analys¬ 
ing  and  designing  in  a  simple  way. 
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Whether  spalling  will  or  will  not  take  place 
as  a  consequence  of  a  dynamic  load  is  of 
considerable  Importance  to  the  designers  of 
protective  structures  and  therefore  has  been  the 
subject  of  a  number  of  research  projects. 
However,  due  to  the  complexity  of  the  problem, 
available  analyses  rely  on  either  highly  Idealized 
boundary  and  loading  conditions  or  on  empirical 
expressions  derived  by  fitting  curves  to  a  limited 
amount  of  experimentally  obtained  data.  A  review 
of  the  methods  most  commonly  used  to  calculate 
spalling  of  the  backface  of  concrete  slabs  Is 
presented.  Limits  to  the  applicability  of  the 
predictive  procedures  are  discussed. 


1.  INTRODUCTION 

The  dynamic  response  of  a  concrete  structure 
can  be  divided  In  a  broad  sense  Into  two 
categories:  1)  structural  or  global  behavior,  and 
2)  local  behavior.  Local  behavior  can  In  turn  be 
divided  Into  a  number  of  separate  study  areas. 
Included  among  these  sub-areas  are;  a)  cratering, 
b)  penetration,  c)  perforation,  d)  cracking  and  e) 
spalling.  The  primary  subject  of  interest  of  this 
paper  is  spalling.  Other  local  effects  will  only 
be  introduced  when  necessary  to  describe  the 
spalling  phenomenon. 

Spalling,  as  used  In  this  paper,  refers  to 
the  ejection  of  pieces  of  concrete  from  the  back 
(unloaded)  face  of  a  concrete  structure  which  has 
been  subjected  to  a  dynamic  load.  When  ejected, 
these  concrete  particles  typically  possess 
velocities  large  enough  to  cause  severe  Injury  to 
personnel  and/or  damage  to  equipment  housed  within 
the  structure.  Spall  Is  the  result  of  a  tensile 
failure  In  the  target  material.  The  process  of 
loading  which  leads  to  spalling  Is  shown 
schematically  In  Figure  1.  In  this  Illustration, 
a  load  pulse  In  the  concrete  resulting  from  a 
specified  dynamic  load  Is  Idealized  as  a  plane 
triangular  compression  wave  and  the  target  Is 
assumed  to  be  a  planar  wall  of  some  finite 
thickness.  The  Incident  pulse  Is  shown  In  the 
figure  as  passing  through  the  target  without 
change  In  either  shape  or  magnitude.  Upon 


reaching  an  Interface  between  two  materials,  the 
Incident  wave  would  In  general  be  both  reflected 
and  refracted.  However,  If  the  Interface  Is  a 
free  surface  only  a  reflected  wave  would  be 

generated.  For  an  arbitrary  angle  of  Incidence,  a 
stress  free  boundary  can  only  be  Insured  If  a 
rarefaction  and  a  distortlonal  wave  are  generated 
at  the  Interface.  However,  If  the  angle  of 
Incidence  Is  normal  to  the  free  surface,  the 
necessary  boundary  conditions  can  be  satisfied  by 
a  reflected  tensile  wave  equal  In  shape  and 
magnitude  to  the  Incident  compression  wave.  The 
actual  stress  state  at  a  point  In  the  concrete 
target  Is  determined  by  taking  the  sum  of  the 
stresses  Induced  by  the  Incident  compressive  pulse 
and  the  reflected  tensile  pulse  at  that  point. 
For  a  target  consisting  of  a  material  which  has  a 
much  lower  strength  In  tension  than  In 
compression,  a  tensile  failure  will  occur  at  some 
plane  In  the  target  when  the  amplitude  of  the 
reflected  tensile  stress  wave  exceeds  the  dynamic 
tensile  strength.  The  location  of  the  failure 
surface  Is  a  function  of  the  shape  and  magnitude 
of  the  Incident  pulse.  For  the  example  shown  In 
Figure  1  where  the  shape  of  the  stress  wave  Is 
triangular  and  the  magnitude  Is  just  equal  to  the 
dynamic  tensile  strength,  the  distance  from  the 
free  surface  to  the  spall  plane  Is  one-half  the 
wavelength.  For  larger  Incident  wave  amplitudes, 
the  failure  strength  would  be  reached  sooner  and 
the  Initial  spall  thickness  would  be  less,  but 
multiple  spall  zones  would  develop.  When  failure 
does  occur,  the  material  between  the  original  free 
surface  and  the  newly  created  fracture  surface 
will  possess  an  amount  of  entrapped  momentum  equal 
to  the  mass  of  the  spalled  material  times  the 
particles'  velocity  In  the  spalled  zone.  It  Is 
this  trapped  momentum  that  gives  the  spalled 
material  Its  ejection  velocity. 

The  Incident  compressive  wave  can  be  the 
result  of  an  Impact  of  a  solid  body,  an 
overpressure  such  as  would  be  caused  by  a  blast 
wave,  or  a  combination  of  Impact  and  Impulse 
resulting  from  the  nearby  detonation  of  a  cased 
explosive  charge.  Predictions  of  spall  thickness 
have  typically  been  either  empirical  In  nature, 
l.e.,  the  approach  taken  Is  one  of  determining  the 
best  fit  to  a  set  of  experimental  data,  or 
theoretical  In  which  the  formulation  requires  that 
a  slgnflcant  number  of  simplifying  assumptions  be 


89 


made  In  order  to  make  the  problem  solvable.  The 
approach  chosen  1$  usually  dependent  upon  which  of 
the  above  loading  conditions  Is  considered  to  be 
the  design  threat.  Since  more  data  exist  for  the 
problem  of  response  due  to  Impact  of  a  projectile, 
solution  techniques  for  the  Impact  problem  have 
largely  been  empirical.  On  the  other  hand, 

because  the  amount  of  data  on  the  spoil  of 
concrete  slabs  from  blast  loading  Is  much  more 
limited,  the  solutions  to  this  type  of  loading 
have  tended  to  be  theoretical. 


2.  RESPONSE  TO  AN  IMPULSIVE  LOAD 

When  an  explosive  charge  Is  denotated  near  a 
concrete  wall  a  compressive  stress  wave  Is 
generated  that  Is  transmitted  through  the 
structure.  As  was  observed  In  the  Introduction 
when  this  compressive  wave  reaches  a  free  surface. 
It  Is  reflected.  The  reflected  wave  will  have  a 
tensile  component  whose  amplitude  Is  proportional 
to  the  amplitude  and  a  function  of  the  angle  of 
Incidence  of  the  compression  wave.  A  comparison 
of  the  state  of  stress  Induced  by  the  Incident  and 
reflected  waves  with  the  dynamic  material 
properties  of  the  concrete  must  be  made  In  order 
to  assess  the  llkllhood  of  spall.  Peak  Incident 
pressures  can  be  calculated  If  the  magnitude  of 
the  explosive  source  and  Its  distance  from  and 
orientation  to  the  target  are  known  (7,  8,  30). 
Accurate  spall  calculations  require  a  detailed 
knowledge  of  more  than  just  the  magnitude  of  the 
Incident  wave  however.  The  stress  time  history 
must  also  be  known  or  assumed.  One  possible  wave 
form  which  has  been  widely  used  Is  a  triangle  such 
as  the  one  which  was  shown  In  Figure  1.  Another 
Is  an  exponential  relationship  such  as  the  one 
proposed  by  Kot  et.  al .  (20)  which  they  found  to 
be  In  somewhat  better  agreement  with  available 
observations  than  the  simple  triangular  pressure 
distribution.  A  plot  showing  a  triangular  pulse 
and  Kot's  exponential  decay  pulse  together  with  a 
pressure  time  history  measured  during  tests 
reported  by  Coltharp  (6)  Is  presented  In  Figure 
2.  There  does  not  appear  to  be  a  great  deal  of 
difference  among  the  three  plots  and  either  of  the 
two  idealizations  would  be  expected  to  simulate 
the  Important  characteristics  of  the  actual 
pressure  wave  In  sufficient  detail  for  design. 
Predicted  first  spall  thickness  for  the 
exponential  stress  pulse  as  presented  by  Kot  et. 
a 1 .  (20)  Is  given  as : 


v* 


1/y 

(— ) 

V 


(1) 


The  symbols  used  In  this  and  subsequent  equations 
are  defined  In  the  glossary  at  the  end  of  the 
paper. 


Dynamic  Tensile  Strength 


design  procedures  currently  being  used  (27,  30)  do 
not  allow  for  an  Increase  In  design  strengths  to 
account  for  dynamic  loads. 

3.  BEHAVIOR  OF  SLABS  SUBJECTED  TO  IMPACT  LOADS 

Although  the  mechanics  of  projectile 
penetration  has  been  studied  since  the  early 
eighteenth  century,  a  completely  adequate 
theoretical  description  of  the  behavior  of  a 
target  as  It  Is  Impacted  by  a  high  speed  missile 
has  not  yet  been  proposed  (2).  There  are  however, 
a  number  of  empirical  and  semi -empirical  methods 
for  predicting  the  response  of  a  concrete  target. 
Including  spalling,  to  a  missile  Impact.  Each  Is 
a  best  fit  to  a  limited  number  of  observations  and 
being  empirical,  each  varies  In  Its  ability  to 
predict  the  onset  of  spall. 

i£.  The  first  of  the  spall  thickness  expressions 
was  the  Petry  Formula  which  appeared  In  Its 
original  form  In  1910.  In  the  revised  form 

currently  In  use  (1,  7,  19),  spall  thickness  Is 
calculated  as  a  function  of  the  strength  of  the 
concrete  and  the  weight  and  velocity  of  the 
missile.  The  Modified  Petry  Formula  Is  given  as: 


S  -  26.4  KpAp  log  (1  +  V  2/0.0215)  (2) 


3b.  The  Corps  of  Engineers  (COE)  Formula  (7,  9. 
T7)  was  developed  from  test  results  obtained  by 
Impacting  concrete  slabs  with  artillery  shells  of 
four  different  sizes.  The  expression  for  spall 
thickness  Is  given  as: 


s  -  2.12d  +  1.36x  for  3d  <  s  <  18d  (3) 

where : 

222P„  du,,£i:>  V1,S 

(4) 


222P  d0,215  V1*5 
x  - - -  +  d/2 


/7T 


3c.  The  National  Defense  Research  Committee  (23) 
developed  a  spalling  formula  by  observing  that  In 
a  large  number  of  tests,  spalling  would  take  place 


when  the  projectile  penetrated  at  least  50*  of  the 
target  thickness.  A  prediction  of  the  amount  of 
penetration  to  be  expected  was  made  by  assuming 
that  the  force  resisting  projectile  penetration  at 
any  time  t  Is  proportional  to  the  missile  velocity 
at  that  time  t  times  the  depth  of  penetration. 
The  NDRC  formula  for  spall  Is  given  as: 


S  -  7.91x  -  5.06  -J- 

x  <  0.65d  (5) 

where : 

x  -  (4KNd2*2  DV1-8)  0,5 

x  <  2d  (6) 

x  «  KNd1*2  DV1,8  +  d 

x  >  2d  (7) 

Spall  occurs  when  the  net  tensile  stress 
exceeds  the  dynamic  tensile  strength  of  the 
concrete.  Several  Investigators  (3,  22,  24,  29, 
31,  32)  have  reported  dynamic  tensile  strengths  as 
much  as  2.2  times  the  measured  static  concrete 
tensile  strength.  Despite  these  observations. 


The  NDRC  formulation  will  predict  spall 
thicknesses  In  the  range  of  s<3d  which  Is 
appropriate  for  thin  targets  or  large 
projectiles.  For  thicker  targets  (s  >  3d)  the 
NDRC  formula  takes  on  the  form  of  the  Corps  of 
Engineers  equation  for  spall. 
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3d.  The  Amman  and  Whitney  formula  was  developed 
TT3.  14,  15)  to  characterize  the  damage  to 
concrete  structures  resulting  from  the  Impact  of 
explosively  generated  fragments.  In  the  original 
forms  the  equations  for  spall  were  strictly 
applicable  only  for  missiles  having  Impact 
velocities  greater  than  1000  feet/sec.  The 
formulas  have  been  modified  and  now  appear  to  give 
reasonable  estimates  for  spall  caused  by  missiles 
Impacting  at  lower  velocities  (13).  Spall 

thickness  Is  given  by  the  modified  Amman  and 
Whitney  formula  as: 


s  ■  1.215xd0,1  +  2 . 12d 


(8) 


The  form  of  the  penetration  equation  Is  that  of 
the  NDRC  equations  (equations  6  and  ))  but  with 
Kyyy  ■  l.lSK^jjnp.  The  Amman  and  Whitney 
penetration  equations  are  often  expressed  In  terms 
of  fragment  weight.  When  given  In  this  form  the 
penetration  Is  calculated  as: 


0.91  Wf0'37  V0,9 


x  <  2d  (9) 


x  -  0.3  W,0*4  V°*S  ♦  0.575Wf0,33  x  >  2d  (10) 


"f 


3e.  Kar  (17,  13)  has  developed  a  set  of 
expressions  that  utilize  the  same  format  as  the 
NDRC  equations  but  provide  for  addltllonal 
parameters  In  the  formulation.  These  additions  to 
the  spall  equations  Include  the  effects  cf  missile 


material  properties  and  cross  sectional  area  and 
the  size  of  the  aggregate  In  the  concrete.  The 
spall  thickness  Is  calculated  by  the  following 
expressions : 


where : 


S-a  -  p(7.91x  -  5.06  -j  ) 
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x<2d  (12) 
x  >  2d  (13) 


3f_.  Chang  (5)  postulated  that  particle  spall 
resulted  from  local  bending  failure  of  the 
concrete  target.  A  spall  thickness  was  defined  as 
the  wall  thickness  at  which  the  kinetic  energy  of 
the  Impacting  missile  equalled  the  strain  energy 
capacity  of  the  portion  of  the  wall  affected  by 
the  Impact.  The  resulting  expression  developed  by 
Chang  Is: 

W„  ,  0.4 

(/  vz) 

-  (14) 


y(£)  0.4a 


d0.2f  0.4 


3g.  Hughes  (16)  nondimenslonllzed  the  NDRC 

equations  by  proposing  an  Impact  factor  (similar 
to  the  Impact  factor  proposed  Independently  by 
Haidar  and  Hiller  (12)).  According  to  Hughes, 
spall  thickness  can  be  calculated  from  the 
fol  lowing 


s  *  1.74x  *■  2.5d 


(15) 
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where : 


and : 
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In  the  Hughes  model  the  impact  force 
Increases  linearly  to  a  maximum  value  which 
corresponds  to  the  onset  of  spall.  The  load  then 
decreases  parabollcally  to  zero  at  maximum 
penetration.  In  the  equations  presented  by  Hughes 
the  missile  must  he  non-deforaable,  energy  ernnot 
be  dissipated  at  the  point  of  Impact  except  In 
deforming  the  target  and  the  effects  of 
reinforcement  cannot  be  accounted  for.  Hughes 
presents  data  (161  comparing  calculated  values  of 


spall  thickness  with  available  data.  The  figures 
show  good  agreement  between  predictions  and 
observations  with  the  predictions  tending  to  be 
somewhat  conservative.  The  predicted  values 
appear  to  become  Increasingly  conservative  as  the 
Impact  factor  decreases. 


3h.  A  series  of  tests  performed  for  the  Bechtel 
torp.  (1,9,  28)  In  which  bath  deformable  and  non- 
deformable  large  diameter  cylinders  Impacted 
concrete  slabs  resulted  In  the  development,  of  a 
new  set  of  empirical  equations  for  calculating 
spall  thickness.  For  non-deformable  missiles  the 
Bechtel  equation  for  spall  Is: 


s» 
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(18) 


For  deformable  cylinders  the  spalling  thickness 
Is : 


u  0.4  u0.65 

!e_  v 


*7 


,0.2 


(19) 


31.  Stone  and  Webster  performed  a  series  of  tests 
similar  to  the  Bechtel  tests  (1,  9,  19).  As  with 
the  Bechtel  equations,  spall  thickness  for  either 
rigid  or  deformable  cylinders  can  be  obtained. 
The  Stone  and  Webster  equation  for  spall  thickness 
Is  given  as: 


s  • 


W„V 

(4~) 


,2  0.33 


(20) 


4.  COWAR  I  SION  OF  THE  INPACT  FORMULAS 


Figure  3  1$  a  plot  of  the  predicted  spall 
thickness  as  a  function  of  Impact  velocity.  A 
prediction  of  the  spall  thickness  for  two 
different  projectiles  Is  presented  for  each  of  the 
empirical  spalling  procedures  reviewed  above.  The 
first,  shown  In  Figure  3a,  might  be  considered  to 
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be  a  typical  fragment  with  a  projectile  weight  ■ 
0.68  kg,  and  a  diameter  ■  2.5  cm.  The  second 
projectile,  shown  In  Figure  ,1b,  weighs  160  kg  and 
the  diameter  Is  15.2  cm.  The  target  consist!,  of 
5000  psl  concrete.  It  can  be  seen  that  for  both 
large  and  small  projectiles  the  Corps  of  Engineers 
Formula  gives  the  most  conservative  estimate  of 
spall  thickness  with  the  degree  of  this 
conservatism  Increasing  with  Increasing  projectile 
velocity.  Superimposed  on  both  figures  Is  a 

shaded  area  Indicating  the  general  region  In  which 
most  of  the  available  data  fall.  Within  this 
range  the  NDRC  formulas  have  been  shown  to  be 
adequate,  though,  conservative,  predictors  of 
spall  for  small  missiles.  The  NDRC  equations  are 
quite  conservative  for  large  missiles  (9). 
Observed  behavior  has  been  shown  to  be  more 
satisfactorily  predicted  by  the  Bechtel  equations 
for  these  missiles  (9). 

5.  COMBINED  IMPACT  AND  IMPULSE 

The  equations  reviewed  above  have  ail 
considered  damage  to  be  the  result  of  either  a 
single  load  either  Impulse  or  Impac  ,  An 
Important  consideration  In  the  determination  of 
the  dynamic  response  of  a  concrete  wall  Is  the 
effect  on  that  wall  of  a  combined  blast  and 
fragmentation  load  typical  of  that  delivered  by 
explosive  munitions.  The  results  of  recent  tests 
In  which  concrete  walls  were  subjected  to  loads 
from  both  cased  and  uncased  charges  Indicate  that 
damage  due  to  the  combined  load  Is  much  more 
extensive  than  would  be  predicted  by  current 
methods.  Kropatscheck  (21)  ana  Hader  (11)  clearly 
show  that  fragment  Impact  causes  damage  In 
addition  to  that  caused  by  dynamic  overpressures 
alone.  Hader's  results  showed  that  wall 
thlcknessess  had  to  be  tripled  for  cased  explosion 
tests  In  order  to  reduce  the  wall  damage  to  that 
found  for  uncased  charges  with  the  same  scaled 
distance.  Coltharp  (6)  has  presented  results  of 
tests  using  cased  charges  which  show  the  greatest 
amount  of  spall  occurs  In  the  area  subjected  to 
fragment  Impact.  Canada  (4)  has  proposed  a  method 
for  combining  the  procedures  discussed  above  for 
determining  the  effects  of  an  Impulse  with  the 
empirical  Amman  and  Whitney  formula  for  fragment 
Impact  to  estimate  the  spall  that  would  be 
expected  when  a  target  Is  subjected  to  both 
threats. 
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■  projectile  diameter  (In).  For  projectiles 
with  non-circular  cross-sections,  d  ■ 
equivalent  diameter  (same  contact  area) 

•  outside  diameter  of  missile  (In)  -Kar 

■  projectile  weight  (lbs) 

»  fragment  weight  (02)  -Amman  A  Whitney 

■  acceleration  due  to  gravity  (ft/secz) 

■  mlssllo  shape  factor  0.72  <  N  <  1,14 

*  missile  shape  factor  0.72  <  N  <  1.17 

-Kar 


missile  Impact  velocity  (1000  ft/secl 
concrete  compressive  strength  (lb/1nz) 
penetrability  coefficient  -Petry 

180/  /fc  , 

( 180//?c  Jp1*" 
missile  wleght/unlt 
(lb/ftz) 

missile  calibre  density 
sectional  pressure  of 
(lb/ft2) 

modulus  of  elasticity  of  missile  (1b/1nJ) 

modulus  of  elasticity  of  steel 
-  29X10”  lb/1nz 

maximum  aggregate  size  (In)  -Kar 

coefficient  ■  Em/Es  -Kar 

^efficients  -Chan 

reference  velocity  ■  200ft/sec  -Chan 


NDRC 
-Kar 

projected  area 

*  W/d3  (lb/ft3) 
missile  1.27  W/d2 


Impact  factor 
strain  rate  factor 


-Hughes,  Haidar 


1  +  12.3  ( 1 n ( 1  -  0.031))  -Hughes 

■  coefflcent  reflecting  missile 

shape  -Stone  &  Webster 
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Figure  1.  Triangular  Pressure  Distribution 
Resulting  from  an  Idealized  Load 
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ABSTRACT 

Nine  explosive  tests  were  conducted  against  rein¬ 
forced  concrete  walls  to  determine  the  effective¬ 
ness  of:  (a)  earth  berms,  (b)  spall  plates,  and 
(c)  increased  wall  thickness,  on  reducing  or  elimi¬ 
nating  spalling  of  the  wall.  The  test  items  were 
reinforced  concrete  box-type  structures,  and  the 
two  opposite  walls  on  each  structure  were  tested. 
Cased  explosive  charges  were  detonated  on  the 
ground  near  the  structures,  and  instrumentation 
recorded  blast-pressure  loading,  steel  strains, 
wall  deflection,  and  in-structure  motion.  Three 
tests  used  earth  berms  placed  halfway  up  the  ex¬ 
terior  of  the  32.5-cm-thick  walls.  Three  tests 
used  spall  plates  on  the  interior  of  the  32.5-cm- 
thick  walls.  Three  tests  used  thicker  walls 
(40  cm,  47.5  cm,  and  55  cm).  All  three  swthods 
were  effective  in  reducing  or  eliminating  spalling 
of  the  interior  of  the  wall.  Test  results  and  the 
relative  advantages  and  disadvantages  of  each 
method  are  discussed. 

INTRODUCTION 


Background 

In  August-September  1982  a  series  of  six  tests 
were  conducted  to  determine  the  response  of  con¬ 
crete  walls  with  various  amounts  of  reinforcement 
to  nearby  detonations.  Results  of  this  program  are 
reported  in  Reference  1  and  identify  spalling  of 
the  interior  of  the  walls  as  the  major  damage 
mechanism.  In  November-December  1983  a  second 
series  of  wall  tests  were  conducted  to  evaluate 
methods  of  reducing  this  spall.  Nine  scale  model 
tests  were  conducted  at  Tyndall  AFB,  Florida,  by 
the  Air  Force  Engineering  and  Services  Center  in 
conjunction  with  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station.  This  paper  presents  the  re¬ 
sults  of  those  tests.  A  detailed  description  of 
both  test  series  is  given  in  Reference  2. 


Objective  and  Ap 


The  prisury  objective  of  the  second  testing 


program  was  to  evaluate  three  separate  methods  of 
reducing  or  eliminating  spall:  (a)  use  of  earth 


berms  on  the  exterior  of  the  wall  to  attenuate  the 


peak  stress  and  distribute  the  loading  resulting 
from  the  blast,  (b)  spall  plates  on  the  interior  of 


the  wall  to  trap  the  concrete  spall  particles,  and 
(c)  increased  wall  thickness  to  attenuate  the 


stress  wave  below  the  spall  threshold  value. 


Secondary  objectives  included  evaluating  the 


effect  of  an  open  versus  closed  shear  stirrup  de¬ 
sign  in  the  wall  reinforcement  and  examining  the 
effect  of  a  charge  detonated  with  its  axis  60°  from 
horizontal  versus  90°. 

Nine  tests  were  conducted  with  cased  explosive 
charges  detonated  at  a  given  standoff  from  one-half 
scale  model  structures.  All  tests  were  instru¬ 
mented  with  active  gages  and  high-speed  photography 
to  obtain  data  on  the  loading  and  response  of  the 
test  walls. 

EXPERIMENTAL  PROCEDURES 

The  procedure  was  similar  than  that  used  in 
the  first  test  series  (Reference  1).  Four  box 
structures  were  constructed  for  use  as  test  speci¬ 
mens  (Figure  1).  Each  had  a  floor,  roof,  and  two 
test  walls  and  were  4  m  long  with  interior  dimen¬ 
sions  of  1.65  is  (height)  by  1.65  m  (width).  The 
steel  reinforcement  design  for  the  roof  and  floor 
was  similar  to  the  first  test  aeries  (Reference  1). 
Principal  steel  ratios  for  the  test  walls  varied 
and  are  discussed  later.  Single  leg,  open  shear 
stirrups  were  used  in  all  but  one  of  the  walls. 
Stirrup  spacing  was  based  on  the  static  flexural 
capacity  of  the  wall.  The  transverse  steel  ratio 
for  all  walls  was  0.1  percent.  All  steel  was  spe¬ 
cified  to  be  ASTM  A615-68,  Grade  60,  having  a  mini¬ 
mum  yield  of  414  MPa.  Tests  showed  yield  to  be 
approximately  497  MPa.  The  concrete  compressive 
strength  was  approximately  38  MPa. 

Each  box  was  placed  in  a  reaction  structure 
to  minimize  rigid  body  motion  and  exposed  to  the 
nearby  detonation  of  a  cased  cylindrical  charge. 

The  charge  design  and  standoff  was  the  same  as 
used  for  the  first  test  series  and  was  chosen  to 
simulate  a  scaled  specified  weapon.  All  charges 
were  detonated  on  the  ground  surface  with  their 
axis  vertical  except  for  test  No.  3  which  used  a 
charge  with  its  axis  60°  from  horizontal  in  a 
plane  containing  the  midplane  of  the  box  structure. 


Test  Description 

Table  1  presents  the  primary  test  parameters. 
Figure  2  shows  the  protection  methods  tested. 

Berms  were  used  in  the  first  three  tests.  They  had 
been  tried  successfully  in  previous  tests  (Refer¬ 
ence  3)  and  consisted  of  local  soil  placed  on  a 


1:1.5  slope  against  the  exterior  of  the  wall.  Two 
berm  heights  were  tested  with  walls  having  minimum 
reinforcement.  Since  no  significant  wall  damage 
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Table  1.  Test  Sequence  And  Parameters. 


Test 

No. 

Wall 

Thickness 

cm 

Principal 

Steel 

Percentage 

Spall 

Protection 

Method 

1 

32.5 

0.09 

0.7-m-bigh  berm 

2 

32.5 

0.09 

1.0-m-high  berm 

3* 

32.5 

0.09 

1.0-m-high  berm 

4 

32.5 

0.50 

Spall  plate 

5 

32.5 

0.25 

Spall  plate 

6 

40.0 

0.15 

Increased  thickness 

7 

55.0 

0.08 

Increased  thickness 

8 

47.5 

0.11 

Increased  thickness 

9** 

32.5 

0.25 

Spall  plate 

*  60  degree  orientation,  sane  wall  as  used  in 

Test  No.  2. 

**  Closed  stirrups  versus  open 


resulted  fron  test  No.  2,  this  wall  was  retested 
with  a  60°  charge  orientation  so  that  fragments 
would  impact  above  the  berm  and  possibly  produce 
more  damage. 

One-millimeter-thick  spall  plates  were  used  on 
three  tests.  They  were  attached  to  the  wall  in¬ 
terior  with  approximately  19  bolts/m2  and  extended 
from  the  floor  to  the  midpoint  of  wall.  Steel 
percentages  for  these  walls  were  chosen  to  compare 
with  two  of  the  walls  that  were  tested  in  the  first 
series  (Reference  1).  A  closed  stirrup  design  was 
used  in  one  of  these  walls. 

Test  Nos.  6-8  used  thicker  wails  in  an  eft  rt 
to  attenuate  the  stress  wave  in  the  wall  to  such  an 
extent  that  spalling  would  not  occur.  Thicknesses 
were  chosen  based  on  predictions  of  Reference  4. 

The  steel  percentage  was  chosen  such  that  each  of 
the  thick  walls  had  the  same  flexural  capacity  as  a 
32.5  cm  thick  wall  with  0.25  percent  reinforcement. 

Measurements 

The  gage  layout  for  the  tests  is  shown  in 
Figure  3.  The  gages  were  used  to  measure: 

(a)  loading  of  the  wall  from  the  airblast  and  (for 
the  berms  tests)  ground  shock;  (b)  strain  in  the 
reinforcement  steel;  (c)  in-structure  motion  (ac¬ 
celeration,  velocity,  displacement);  and  (d)  rela¬ 
tive  displacement  of  the  wall  and  roof.  High¬ 
speed  cameras  were  used  inside  the  box  structures 
to  record  crack  formation,  wall  motion,  and  con¬ 
crete  spall  velocities. 

TEST  RESULTS 

Pressure  Data 

The  peak  pressure  versus  distance  up  the  wall 
is  shown  in  Figure  4.  The  graph  is  plotted  for  the 
center  vertical  gage  line  and  compares  the  results 
of  the  first  series  with  data  from  the  second 
series.  Also  shown  is  the  predicted  pressure  for  a 
spherical  charge  (using  Reference  5).  Note  that 
the  pressure  near  the  bottom  of  the  wall  for  the 


berm  tests  is  dramatically  reduced  due  to  the  wave 
attenuation  of  the  soil.  Figures  5  and  6  show  the 
spatial  distribution  of  peak  pressures  on  the  wall 
for  the  shots  without  and  with  berms,  respectively. 
These  graphs  again  show  the  dramatic  reduction  in 
peak  pressure  due  to  the  berm. 

Acceleration  Data 

Peak  acceleration  data  for  the  various  gages 
is  given  in  Table  2.  The  berm  Test  Nos.  1  and  2 
show  decreased  accelerations.  The  same  decrease 
in  response  can  be  seen  in  the  shock  spectra 
plotted  in  Figure  7.  (An  upper  bound  acceleration 
for  these  spectra  can  be  approximated  from  the 
peak  values  given  in  Table  2). 

Deflection  Data 

The  peak  midspan  deflections  for  the  tests  are 
given  in  Table  3.  Test  Nos.  4  and  5  were  similar 
to  Test  Nos.  2  and  6,  respectively,  of  the  first 
test  series.  Note  from  the  table  that  even  with 
much  less  steel  percentages,  the  deflections  for 
walls  with  berms  were  significantly  less.  Note 
also  that  the  thicker  walls  deflected  less  than 
Test  No.  5  with  the  same  capacity  32.5-cm  wall. 

Test  No.  9  which  used  closed  stirrups  also  de¬ 
flected  considerably  less  than  Test  No.  5  with 
open  stirrups. 

Fragmentation  Effects 

As  with  the  first  test  series,  fragment  im¬ 
pacts  on  the  test  walls  were  concentrated  near  the 
bottom  except  for  Test  No.  3  with  the  60°  charge 
configuration  where  they  were  near  the  midspan. 

The  berms  in  Tests  1  and  2  stopped  all  fragments 
from  reaching  the  wall  (Figure  8)  while  fragments 
for  other  tests  penetrated  4-5  cm  into  the  wall 
and  exposed  the  exterior  layer  of  reinforcing 
(Figure  9). 

Spallation  and  Structural  Damage 

No  spalling  occurred  for  the  three  berm  tests. 
The  walls  appeared  to  respond  in  a  flexural  mode 
judging  from  the  cracks  near  the  midspan  of  the 
wall  inferior  (Figure  10).  Structural  damage  for 
these  tests  was  minor. 

The  spall  plates  functioned  properly  in  all 
three  tests  in  which  they  were  used.  As  antici¬ 
pated,  spalling  occurred  only  on  the  lower  portion 
of  the  wall.  The  plates  suffered  a  large  membrane 
deformation  (~20  cm)  but  contained  most  of  the 
spall  particles  (Figure  11).  Structural  damage  was 
highly  localized  to  the  lower  middle  of  the  wall 
and  was  similar  to  that  seen  for  the  first  test 
series . 

Figures  12  thru  14  show  the  spalling  of  the 
three  thicker  walls  tested  and  how  it  decreased 
with  increased  wall  thickness.  Noting  that  the 
spall  fragments  for  Test  Nos.  7  and  8  were  located 
only  a  few  feet  from  the  wall,  it  was  judged  that 
the  spall  area  and  velocity  for  the  47.5  cm  and 
50  cm  wall  were  reduced  to  acceptable  levels. 
Structural  damage  was  light. 

CONCLUSIONS 

All  three  methods,  spall  plates,  added  wall 


96 


C^-rw*» 'AV---V.V  .V.VX ’  “.WA' '•', ’  \-,.'r^.TT-.iTT.w<  ■;:  — 


y  ,  tij  -  -  *  .'  v  .  w-  -r.:  r  - 


r  is-  t  v-  r- 


Table  2.  Peak  Accelerations,  g’g. 


Teat  No. 

AWHM 

ARV 

ARM 

AFV 

AFH 

1 

+3,100/-2,900 

+84/-86 

+88/-80 

+80/ -88 

+180/-150 

2 

♦2 ,800/ -2, 600 

+72/-90 

+84/-B2 

+82/-86 

+150/-150 

3 

+17 .500/-15 ,000 

+390/-400 

+420/-400 

+370/-400 

+350/-290 

4 

+22,500/-12,500 

+1 ,490/-l ,498 

+1 , 100/-1 ,300 

+1 ,600/-l ,800 

+2 ,500/-3 ,500 

5 

+14, 000/- 10, 000 

+780/-1 , 180 

+580/-950 

— 

+3.500/-4.700 

6 

+9.500/-6.000 

+1 ,500/-l ,490 

♦1.000/-980 

+4.000/-3.100 

+2,600/-2,300 

7 

+8, 000/ -6, 000 

♦1 ,300/-l ,200 

+1,200/- 1,000 

+4, 300/ -4, 300 

+4, 000/ -4, 000 

8 

♦17.500/-10.000 

♦1 .500/-1 ,800 

+2,500/-2,000 

— 

+12.000/-8.000 

9 

+14.000/-7 ,500 

♦1,000/-1,100 

+900/-850 

+4,000/-2,700 

+8, 800/ -6, 000 

Table  3.  Peak  Midspan  Deflections. 


Test 

No. 


Steel 

Percentage 

0.09 


Wall 

Thickness 

CM 


Midspan 

Deflection 


fragments  to  acceptable  levels.  Increased  thick¬ 
ness  also  offers  added  protection  from  direct  hit 
penetrating  weapons. 


Berm 


C .  09 
0.09 
0.50 
0.25 
0.  15 
0.08 
0.11 
0.25 


32.5 

32.5 

32.5 

32.5 

32.5 
40.0 
55.0 

47.5 

32.5 


6.4 

3.6 

10.2 

20.1  (23)* 
44.5  (37)* 

24.1 
12.7 
10.9 

24.1** 


Exterior  sand  berming  is  very  effective  in 
reducing  the  blast  pressure  and  fragmentation 
loading.  The  interior  suffers  no  spall  damage 
and  only  minor  flexural  cracking.  Sensing  permits 
the  use  of  lower  steel  ratios,  produces  a  more 
flexural-type  response,  and  is  the  most  cost 
effective  solution. 
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Interior  spall  plates  contain  the  concrete 
fragments,  but  the  exterior  and  interior  of  the 
walls  are  still  damaged  resulting  in  reduced 
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EMP  protection  and  are  a  good  retrofit  technique. 
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and  55  cm  reduce  the  area  and  velocity  of  spall 
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Figure  11.  Deformation  of  spall  plate 
(Test  No.  4). 


Figure  10.  Flexural  cracks  on  bermed  wall 
(Test  No.  1). 


Figure  14.  Spalling  of  55-cm  wall  (Test  No.  7). 
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ABSTRACT 

This  paper  adresses  the  highly  nonlinear 
problem  of  extreme  accident  analysis  of  a 
buried  concrete  member  subjected  to  impul¬ 
sive  loading.  A  reinforced  concrete  wall  is 
designed  for  environment  protection  against, 
nearby  pipeline  explosion  and  its  struc¬ 
tural  behaviour  is  analysed  by  means  of 
the  modern  finite  element  nonlinear  pro¬ 
gram  ABAQUS .  In  this  paper,  some  general 
features  of  the  computer  program  are  first 
presented.  Then  its  use  in  the  field  of 
structural  strength  assessment  is  describ¬ 
ed  by  the  following  applications: 

-  pressure  wave  propagation  study; 

-  reinforced  concrete  wall  behavior  analy¬ 
sis 

-  surrounding  ground  behaviour  evaluation. 

INTRODUCTION 

The  design  of  highly  pressurized  pipelines 
is  more  and  more  related  to  requirements 
of  environment  protection.  A  typical  case 
is  given  by  the  damage  effects  that  might 
arise  from  a  gas  explosion  in  a  pipeline 
buried  in  an  earth  structure  like  a  dam. 
In  order  to  increase  the  safety  factor  in 
such  a  critical  situation  by  preventing 
the  dangerous  movement  of  soil  portions  in 
the  direction  of  civil  constructions  ,  a 
concrete  protective  wall  is  incorporated 
in  the  earth  structure.  In  Fig.l,  an  earth 
embankment  containing  a  gas  pipeline  is 
partially  surrounded  by  a  buried  concrete 
wall.  As  the  dimensions  of  the  concrete 
structure  and  its  reinforcement  percentage 
have  been  previously  determined,  the  prin¬ 
cipal  aim  of  this  study  is  to  estimate  the 
concrete  strength  limit  and  the  earth 
structure  integrity.  The  general  assump¬ 
tion  is  that  plane  strain  analyses  are  per 
formed  for  reasons  of  computer  costs  and 
conservative  considerations  even  if,  on 


the  base  of  recent  experimental  results, 
the  length  of  crack  propagation  in  pressur 
ized  pipelines  are  not  infinite  but  of 
about  six  pipe  diameters. 

COMPUTER  PROGRAM  CAPABILITIES 

The  modem  computerized  analysis  is  appli¬ 
ed  for  the  investigation  of  the  behaviour 
of  the  earth  and  buried  concrete  struc¬ 
tures  in  presence  of  this  extreme  dynamic 
loading  phenomena.  The  modem  structural 
analysis  system  ABAQUS,  developed  by 
HIBBITT,  KARLSSON  &  SORENSEN,  INC.,  [l]is 
extensively  used  for  this  purpose.  Genera^ 
ly  regarded  as  one  of  the  most  advanced 
finite  element  analysis  programs,  ABAQUS 
has  implemented  powerful  material,  geome¬ 
try  and  boundary  nonlinear  engineering  mod 
eling  capabilities.  Moreover,  ABAQUS  in¬ 
cludes  the  automatic  control  of  load  in¬ 
crement  and  time  step  size,  based  on  tole¬ 
rance  definitions, that  represents  a  quite 
challenging  feature  in  nonlinear  static 
and  dynamic  analyses. 

Concerning  reinforced  concrete  structures, 
the  program  contains  a  general  capability 
for  modeling  plain  and  reinforced  concrete 
in  all  types  of  structures.  Separate  mod¬ 
eling  is  used  for  concrete  and  reinfor¬ 
cement  so  that  rebar  direction, location, 
size  and  spacing  can  be  defined  in  de¬ 
tail.  Rebar  is  usually  treated  as  cut  elas- 
to-plastlc  metal.  The  concrete  behaves  in 
agreement  with  an  elasto-plastlc  failure 
theory  principally  based  on  Chen  &  Chen's 
model  that  utilizes  a  uniaxial  stress- 
strain  curve  where  the  yield  surface  and 
the  failure  surface  are  related  to  the 
uniaxial  and  biaxial  compressive  strengths. 
As  shown  in  Fig.  2,  the  salient  feature  of 
concrete  is  the  difference  in  response 
under  tensile  and  compressive  stresses. 
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C ruining  and  cracking  failures  are  deter¬ 
mined  by  reaching  critical  stresses.  But, 
in  tension,  and  additional  strain  failu¬ 
re  criterion  is  Introduced  to  check  aore 
accurately  the  cracking  failure.  In  crack 
ed  cones,  a  strain  softening  nodel  is  as¬ 
sumed  for  the  direct  stress  across  the 
crack  due  to  rebar-concrete  Interaction 
and  a  variable  shear  stiffness  can  be  In¬ 
troduced  in  presence  of  aggregate  inter¬ 
locking  [1]  .  These  arguments  have  been 
also  discussed,  together  with  numerical 
applications  of  partial  daaMge  and  disin¬ 
tegration  of  reinforced  concrete  compo¬ 
nents  ,  in  a  previous  presentation  at  the 
First  Syoposiua  on  The  Interaction  of 
Non-Nuclear  Munitions  with  Structures  (2]. 

PRESSURE  HAVE  PROPAGATION  STUDY 

The  distribution  in  space  and  the  varia¬ 
tion  in  time  of  the  impulsive  dynamic 
loading  applied  on  the  protective  wall 
strictly  depends  upon  the  following  deter 
mlnatlons: 

-  gas-soil  interaction  effects; 

-  elastic  pressure  wave  propagation  in 
surrounding  ground. 

Assuming  the  lump  of  soil  that  covers  the 
pipeline  to  behave  and  to  move  high  up 
like  a  rigid  body  and  assuming  that  the 
gas  volume  dilatation  is  directly  correla 
ted  with  aoil  displacement,  the  following 
differential  equation  can  be  written  on 
the  basis  of  gas  dynamics  [3] : 

m  x  -  f ( x )  p(x,x,t)  -  gm  (1) 

where: 

m  is  the  soil  lump  mass; 
x  is  the  vertical  displacement; 
f  is  the  effective  surface  exposed  to  gas 
pressure ; 

p  is  the  gas  pressure; 
g  is  the  gravity  acceleration; 
x  is  the  vertical  velocity; 
t  is  the  time  parameter(ms) . 

The  solution  of  equation  (1)  gives  the 
pressure  variation  in  time  (time  history) 
as  shown  in  Fig. 3.  It  should  be  noted 
that,  for  this  application,  the  pressure 
decreases  after  the  first  period  of  6  ns 
and  it  has  half  of  its  original  value 
after  a  period  of  29  ms.  These  results 
have  been  used  as  input  for  an  ABAQUS  run 
with  the  following  goals: 

-  verify  the  assumptions  Bade; 

-  calculate  the  pressures  acting  on  the 
concrete  wall. 


The  finite  element  model  used  for  the  cal 
culatlon  is  shown  in  Fig.  4  and  utilizes 
simplified  soil  properties:  the  soil  mate 
rial  assumes  a  linear  elastic  behaviour 
with  no  tension  strength.  The  gas  pressu¬ 
re  is  applied  uniformly  in  the  pipe  hole 
neglecting  the  pipe  wall.  The  buried  con¬ 
crete  wall  is  assumed  to  be  rigid  in 
confront  with  the  deformation  of  the  soil. 
A  comparison  between  the  solution  of  the 
differential  equation  (1)  and  the  nodal 
displacements  calculated  by  ABAQUS  for 
one  interesting  point  shows  a  quite  good 
agreement  (see  Fig.  5).  The  gas  volume 
variation  in  time  is  also  similar  for 
both  calculations.  The  deformations  of 
the  aoil  lump  laying  around  the  pipe  are 
shown  for  two  real  times  (1.07  as.  and  6.3 
ns)  in  Fig.  6.  This  numerical  simulation 
only  covers  a  time  Interval  of  about  7  ns 
because,  after  that  time ,  the  soil  breaks 
into  small  fragments  and,  thus,  the  ini¬ 
tial  hypothesis  is  no  more  acceptable. 
But,  after  that  time,  the  gas  pressure 
drops  to  very  low  values. 

The  integration  of  stresses  obtained  ins._ 
de  the  soil  elements  close  to  the  con¬ 
crete  wall  permits  to  define  the  input 
pressure  loading  that  vary  in  space  and 
time.  The  analysis  related  to  the  concre¬ 
te  wall  strength  assessment  utilizes  an 
ABAQUS  model  defined  by  a  few  B-nodee 
plane  strain  elements  in  connection  with  a 
CONCRETE  constitutive  relationship  and  a 
REBAR  element  behaviour.  As  far  as  the  la 
posed  boundary  conditions  on  the  wall  mo¬ 
del  are  concerned,  different  springs  are 
defined  to  easily  simulate  the  soil  de 
formabllity  and  the  foundation  interac¬ 
tion  effects  [4,5.6] (Fig.  7). 

Every  time  increment  within  an  history 
step,  ABAQUS  gives  the  values  of  the  no¬ 
dal  variables,  e.g.,  displacements,  velo¬ 
cities,  accelerations,  reaction  forces, 
and  the  element  variables  values,  e.g., 
stresses,  strains,  section  forces,  ecc. 
Moreover,  in  presence  of  reinforced  con¬ 
crete  material,  steel  yeldlng  and  concre¬ 
te  cracking  and  crushing  messages  are 
printout  in  order  to  accurately  observe 
the  propagation  of  the  pressure  waves, 
the  growth  of  plasticity, the  extension  of 
c raking  and  the  progressive  disintegra¬ 
tion  of  the  composite  material.  Fig. 8 
shows  the  structural  deformation  and  Fig. 

9  illustrates  the  state  of  partial  damage 
in  both  concrete  and  reinforcement  bars 
at  5.77  as. 


As  illustrated  in  the  last  picture,  a  lar 
ge  amount  of  external  energy  is  dissipat¬ 
ed  through  the  Inelastic  material  deforma 
tlons  of  concrete  and  steel.  The  main 
consequence  for  the  buried  wall  is  its 
protective  action  by  absorbing  and  dissi 
patlng  a  large  amount  of  the  total  input 
energy  and  by  drastically  reducing  the 
Impulsive  loading  effect  in  the  surround 
lng  soil  of  the  earth  structure. 

EFFECTS  ON  EARTH  STRUCTURES 

The  next  step  is  related  to  the  ’evaluat¬ 
ion  of  the  dynamic  residual  effect  of  the 
gas  explosion  on  the  earth  structure  con¬ 
taining  pipeline  and  wall. 

Having  a  soil  stiffness  much  smaller  than 
that  of  the  concrete  material ,we  assume 
the  wall  to  behave  like  as  a  rigid  body. 
A  linear  ABAQUS  analysis  is  defined  for 
the  earth  structure  response  in  order  to 
verify  t>at  soil  displacements  and  stress 
es  are  within  the  linear  elastic  range. 
Fig.  10  shows  a  typical  defoliation  shape 
of  the  dam.  It  can  be  noted  that  the  di¬ 
splacements  are  only  meaningful  near  the 
wall  with  the  Introduction  of  a  magnifies 
tion  factor.  Fig.  11  illustrates  the  ef¬ 
fect  of  the  high  pressure  wave  propagat¬ 
ion  through  the  earth  structure  in  3  par¬ 
ticular  points  below  the  burled  wall 
(see  Fig.  10). 

CONCLUSIONS 

The  computerized  approach  based  on  the 
finite  element  method  confirms  its  gene¬ 
ral  use  for  a  wide  range  of  challenging 
engineering  problems  like  this  optimal 
environment  protection  design  case. 


The  subdivision  of  the  global  analysis  into 
different  steps  has  permitted  to  obtain  a 
clear  understanding  of  the  development  of 
the  physical  phenomena. 

ABAQUS  computer  program  has  proven  to  be 
highly  efficient  and  able  to  account  for 
the  severe  non-linearities  occurring  dur¬ 
ing  a  fast-transient  dynamic  event  like 
the  present  gas  pipeline  explosion  in  an 
earth  structure. 
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ABSTRACT 

In  order  to  calculate  the  structural  re¬ 
sponse  to  weapon  loadings  Euler  la. i  and  La- 
granglan  codes  can  be  used.  In  this  paper 
the  areas  of  application  of  the  different 
codes  are  demonstrated  including  coupled 
codes.  For  impact  and  penetration  problems 
an  idea  for  an  improved  model  is  outlined 
combining  the  advantages  of  Eulerian  and 
Lagrangian  codes. 


INTRODUCTION 

The  interaction  of  ammunition  with  struc¬ 
tures  is  a  transient  process,  mainly  in 
the  extreme  short  time  range  with  very 
high  loadings.  Exacting  requirements  are 
set  on  computer  codes  for  application  in 
this  area.  They  have  to  account  for  nonli¬ 
near  material  behavior  with  plasticity  and 
failure  models,  for  nonlinear  geometric 
behavior  and  even  for  dynamic  change  of 
the  whole  system,  calculating  post-failure 
behavior  or  updating  contact  areas  in  pen¬ 
etration  problems. 

Extreme  nonlinearity  leads  to  explicit 
formulations  where  the  equations  of  mo¬ 
tion  are  integrated  independently  from  the 
material  response  within  each  time  step. 
The  Lagrangian  formulation  with  the  conser¬ 


vation  of  mass  by  definition  is  suitable 
for  an  accurate  material  description.  If 
large  material  flow  is  expected  it  is 
advantageous  to  use  the  Eulerian  formula¬ 
tion,  where  the  mesb  remains  fixed  in  spa¬ 
ce  and  time.  However  there  are  a  lot  of 
applications,  whet-:  only  parts  should  be 
mapped  in  Eulerian  coordinates,  such  as 
explosives,  while  other  parts,  like  struc¬ 
tures,  are  better  mapped  in  Lagrangian 
coordinates.  This  can  be  solved  by  either 
uncoupled  or  coupled  calculations.  Espe¬ 
cially  in  three-dimensional  cases  where 
the  computing  costs  are  seldom  negligi¬ 
ble  it  is  very  important  to  use  the  suit¬ 
able  formulation  setting  up  the  problem. 

All  the  codes  in  this  area  can  still  be 
called  "young* .  As  they  are  all  demanding 
for  a  fast  and  inexpensive  computer  with 
large  storage  capacity,  the  development  of 
these  codes  has  to  be  seen  in  relation  to 
the  extraordinary  hardware  development  of 
the  last  years.  Many  two-dimensional  and  a 
smaller  but  growing  number  of  three-dimen¬ 
sional  codes  are  already  known  (1). 

Examples  in  this  presentation  are  calculat¬ 
ed  with  codes  of  the  DYSMAS-family  (DYNAM¬ 
IC  SYSTEM  MECHANICS  ADVANCED  SIMULATION), 
developed  in  Germany  (2).  The  program-fam¬ 
ily  consists  of  the  codes  DYSMAS/L,  a  FE- 
Lagrangian  code,  DYSMAS/E,  a  FD-Eulerian 
code,  and  DYSMAS/ELC,  an  Euler-Lagrange 
coupled  code,  each  with  both  two-  and 
three-dimensional  versions. 
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APPLICATION  OP  EULERIAN  CODES 


Eulerian  codes  are  often  called  "Hydro- 
Codes"  because  they  are  mainly  used  to 
solve  fluid  dynamics.  The  accurate  de¬ 
scription  of  plastic  flow  is  not  so  impor¬ 
tant  in  this  area  of  application  as  pres¬ 
sure  is  dominant  in  comparison  to  devia¬ 
tor  ic  stresses.  On  the  other  hand  severe 
fluid  flow  requires  the  fixed  grid  of  the 
Eulerian  formulation.  For  these  reasons 
hydro-codes  are  also  used  to  calculate 
explosives  including  shaped  charges. 

A  wide  range  of  application  of  Eulerian 
codes  is  the  calculation  of  the  structu¬ 
ral  loading.  An  example  of  a  blastwave 
impacting  a  shelter  door  which  is  shielded 
by  a  mound  is  shown  in  Fig.l. 


Pig.  1  Numerical  Simulation  of  Blast 
Wave  Impacting  a  Shelter  Construction 
Above:  Ground-Level  Section  (Top  View) 
Below:  Mid-Plane  Section  (Side  View) 


The  velocity  distribution  of  the  three- 
dimensional  problem  is  shown  at  the  arri¬ 
val  time  of  the  blastwave  at  the  door. 
This  problem  can  be  calculated  purely 
Eulerian  (with  a  rigid  structure  as  a 
boundary  condition)  if  the  motion  of  the 
structure  has  only  little  effect  on  the 
loading  during  the  calculated  time.  In 
this  case  the  structure  is  stiff  and  small 
movements  of  the  structure  are  not  causing 
significant  changes  of  the  air  pressure 
wave.  The  time  history  of  pressure  at  the 
surface  of  the  structure  is  recorded  and 
can  be  used  later  as  the  loading  function 
for  design. 


APPLICATION  OF  LAGRANGIAN  CODES 

The  response  of  structures  to  weapon  load¬ 
ings  can  be  calculated  with  Lagrangian 
codes.  These  codes  should  model  material 
and  geometric  nonlinearity.  Distortions 
of  the  mesh  are  allowed  within  the  limits 
of  the  basic  assumptions  of  the  numerical 
model.  There  should  be  no  restrictions 
to  rigid  body  motion.  Many  Lagrangian  codes 
can  also  be  used  for  the  calculation  of 
two  or  more  bodies  impacting  each  other, 
if  an  adequate  contact  processor  is  built 
into  the  program. 

Geometrically  complex  structures  can  best 
be  modelled  by  Finite  Elements.  Most  of 
the  newer  codes  are  using  Finite  Element 
formulations  for  the  discretization  of 
space  instead  of  difference  equations. 

An  example  of  a  shelter  door  loaded  by 
air  blast  demonstrates  the  application 
of  a  Lagrangian  code.  The  Finite  Element 
discretization  of  the  shelter  door  is 
shown  in  Fig.  2.  The  door  is  loaded  by 
the  detonation  of  a  bomb.  The  pressure 
functions  were  calculated  separately  with 
the  Eulerian  code.  The  door  is  in  contact 
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with  the  shelter ,  but  it  opens  after  the 
pressure  impact  which  can  be  seen  from  the 
displacement  transient  in  Fig. 3. 


4V 


Fig.  2  Shelter  Door,  Finite  Element 
Discretization 


Fig.  3  Displacement  Transient  in 
Z-Direction  at  the  Lower  Door  Joint 
with  Opening  after  40  ms 


COUPLED  CALCULATIONS 

Often  the  loading  process  acting  upon  a 
structure  is  not  only  caused  by  an  exter¬ 
nal  energy  source  but  also  influenced 
by  the  interactive  response  of  the  struc¬ 
ture  itself.  In  these  cases  it  is  not  pos¬ 
sible  to  run  the  Eulerian  code  for  calcu¬ 
lation  of  the  loading  and  the  Lagrangian 
code  for  calculation  of  the  response  in 
succession. 


A  wide  field  of  application  for  coupled 
calculations  are  underwater  explosions 
against  ships.  Fig. 4  shows  a  result  of 
a  numerical  simulation  of  a  torpedo  shot 
against  a  frigate  at  a  real  time  of  about 
60  msec. 


Fig.  4  Numerics'  Simulation  of  an  Under¬ 
water  Detonation  agalnat  a  Vessel-Unde- 
formed  Structure,  two  Plane  Sections 
Through  the  Gaabubble 


A  sudden  notion  of  a  structure  against 
water  causes  high  pressure  due  to  the  near- 
most  incompressibility  of  water.  A  sudden 
motion  of  this  structure  in  the  other  di¬ 
rection  causes  immediate  cavitation  in  the 
water  with  a  pressure  collapse.  In  the 
case  of  a  torpedo  shot  the  ship  structure 
locally  moves  more  than  one  meter  within 
the  initial  loading  time.  So  loading  and 
response  is  an  interactive  process,  which 
means  that  a  coupling  processor  has  to 
exchange  information  between  fluid-  and 
structure  within  each  time  step. The  Euler¬ 
ian  code  needs  the  information  about  the 
actual  position  of  the  structure  as  a  geo¬ 
metric  boundary  condition.  The  Lagrangian 
code  requires  forces  depending  on  the 
actual  pressure  distribution  at  the  sub¬ 
merged  parts  of  the  structural  interface. 
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If  the  motion  of  the  structure  is  smell 
a  coupling  model  can  be  used,  where  the 
structure  is  only  allowed  to  move  within 
one  row  or  column  of  the  Eulerian  grid. 
Such  a  model  can  be  used  to  solve  e.g. 
hydraulic  ram  problems  with  small  structu¬ 
ral  movements.  If*  however*  one  has  to 
calculate  the  penetration  of  a  fragment 
through  the  wall  of  an  aircraft  tank* 
a  coupling  processor  has  to  be  chosen 
allowing  arbitrary  motion  of  the  structure 
like  in  the  example  above. 

Beside  other  classical  areas  of  coupled 
problems  like  soil-structure  interaction 
(buried  charge  exploding  near  a  shelter) 
there  are  a  lot  of  special  problems  asking 
for  a  coupled  code  like  calculations  of 
an  active  armor. 


CODES  FOR  THE  CALCULATION  OF  PENETRATION 
PROCESSES 

In  most  cases  a  penetration  model  requires 
a  very  accurate  material  description. 
For  this  area  of  application,  the  use 
of  Lagrangian  codes  (with  contact  pro¬ 
cessor)  is  advantageous.  Good  results 
can  be  expected  for  impact  problems.  Mate¬ 
rial  failure  can  be  accounted  for  by  modi¬ 
fication  of  the  stress  tensor. 

Difficulties  arise  in  cases  of  complete 
penetration,  where  the  target  mesh  has 
to  be  cut  or  opened.  To  overcome  the  numer¬ 
ical  problems  caused  by  large  distortion 
of  failed  elements,  sometimes  the  only  way 
is  to  set  up  this  problem  in  Eulerian 
description  or  to  use  a  coupled  code  with 
an  Eulerian  target  and  a  Lagrangian  pene- 
trator . 

At  present  there  are  models  for  the  post¬ 
failure  behavior  of  Lagrangian  material  by 
separating  elements  or  meshlines  from  each 


other,  as  the  slide  line  model,  the  model 
for  arbitrary  crack  opening,  or  the  ero¬ 
sion  model.  The  latter  model  is  demonstrat¬ 
ed  in  the  calculation  of  the  penetration 
of  a  two-plate  target  in  Fig. 5. 


Fig.  5  Penetration  of  a  two-plate  Target 


In  this  model,  failed  elements  are  erased 
dynamically.  But  the  masses  of  the  ele¬ 
ments  still  remain  in  the  system  as  single 
masses  controlled  by  the  contact  processor 
and  exchanging  kinetic  energy  with  sur¬ 
faces  henceforth. 

Analyzing  thick  targets  (in  relation  to 
the  caliber  of  the  projectile)  numeri¬ 
cal  trouble  can  still  occur  with  the  ero¬ 
sion  model  if  the  mesh  is  too  coarse. 
When  a  failed  element  is  eroded  there 
is  a  sudden  gap  and  it  takes  some  cycles 
of  calculation  until  this  gap  closes  again. 
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Especially  in  expensive  three-dimensional 
problems,  where  the  mesh  in  many  cases 
cannot  be  as  fine  as  desirable  numerical 
troubles  with  those  artificial  discontin¬ 
uities  may  occur. 
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An  idea  for  an  improvement  is  to  combine  (2)  The  Program  Family  DYSNAS, 
the  advantages  of  the  Lagrangian  and  the  B-TF-V197,  IABG,  Munich  (1984) 
Eulerian  description.  This  model  should 
calculate  as  long  as  possible  in  Lagrang¬ 
ian  coordinates.  However  when  failed  ma¬ 
terial  causes  severely  distorted  elements, 
this  material  has  to  be  transformed  dy¬ 
namically  into  an  Eulerian  grid.  This  mod¬ 
el  requires  a  Lagrangian  code,  an  Eulerian 
code  and  a  coupling  module  which  is  able 
to  redefine  the  interface  between  the  La¬ 
grangian  mesh  and  the  Eulerian  mesh  auto¬ 
matically.  Of  course  this  model  should 
be  three-dimensional  as  most  of  the  inter¬ 
esting  penetration  problems  are  three- 
dimensional.  So  the  idea  might  be  quite 
simple  but  the  realization  will  certainly 
be  an  extensive  work. 


CONCLUSIONS 

For  the  field  of  structural  response  to 
weapon  loadings,  guidelines  were  given 
for  the  choice  of  an  appropriate  code 
formulation  depending  on  the  physical 
nature  of  the  problem  to  solve.  The  use 
of  the  adequate  code  formulation  is  essen¬ 
tial  to  get  proper  results  and  necessary 
to  keep  the  computer  costs  at  a  level 
as  low  as  possible  which  is  at  least  in 
three-dimensional  calculations  also  a 
very  important  aspect. 
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INTRODUCTION 

The  analysis  of  structures  built  to  survive 
blasts  entails  a  large  number  of  highly  non¬ 
linear  response  computations  to  determine  the 
blast  pressure  at  which  the  structure  fails. 
The  large  number  of  computations  is  needed  to 
account  for  the  effects  of  parametrically  vary¬ 
ing  the  structural  properties  and  weapon  types. 
With  their  simplicity  and  economy  of  operation, 
lumped  mass  approximations  are  commonly  employed 
for  these  computations  in  the  form  of  either 
single  or  multiple  degree-of-freedom  idealiza¬ 
tions  (SDOF  and  MDOF).  Although  the  SDOF  and 
KDOF  idealizations  have  proven  effective  when 
applied  to  simple  conventional  structures,  for 
complex  structures  these  idealizations  are  often 
only  superficially  based  on  the  actual 
structures'  behavior. 

This  paper  outlines  a  new  strategy  for 
defining  and  evaluating  lumped  mass  approxi¬ 
mations.  The  strategy  consists  of  utilizing  the 
finite  element  method  to  improve  these  idealiza¬ 
tions  in  two  ways.  First,  for  the  structure, 
the  static  load-deflection  relation  and  the 
associated  shape  function  are  determined  from  a 
high  fidelity  nonlinear  finite  element  calcula¬ 
tion.  Secondly,  the  errors  introduced  by  the 
lumped  mass  approximation  can  be  isolated  and 
explicitly  assessed  using  the  improved  input 
provided  by  the  static  finite  element  calculation 
and  by  comparison  with  the  "exact"  results  pro¬ 
vided  by  the  nonlinear  dynamic  finite  element 
calculation.  Thus,  a  sophisticated  analysis 
technique  (i.e.,  the  finite  element  method)  in 
used  to  generate  "experimental-like"  data  that 
in  turn  are  used  to  define  the  relatively  simple 
lumped  mass  idealization,  potentially  resulting 
in  an  economical  solution  to  a  highly  complex 
problem. 

To  demonstrate  the  effectiveness  of  this  new 
strategy,  vis-a-vis  the  combination  of  finite 
element  and  lump  mass  procedures,  an  SDOF  ideal¬ 
ization  is  used  to  compute  the  response  of  a 
stiffened  circular  plate.  These  results  are 
compared  to  those  from  a  nonlinear  dynamic, 
finite  element  computation.  The  paper  also 
describes  the  basis  for  the  SDOF  idealisation, 
the  results  from  the  finite  element  analyses, 
and  the  manner  in  which  those  results  are  used 
to  develop  the  SDOF  idealization. 


FRAGILITY  ANALYSIS 

The  fragility  of  a  structural  system,  whose 
properties  are  defined  by  random  variables,  is 
measured  probabilistically.  The  fragility  indi¬ 
cates  the  likelihood  that  a  system's  functional 
failure  will  be  caused  by  a  particular  blast 

load.  Typically,  fragility  is  expressed  in 

terms  of  the  peak  overpressure  Pso  of  the 
blast  load,  e.g.,  that  Pgo  which  has  a  25 

percent  chance  of  causing  failure.  Also  typical 
is  the  representation  of  a  structure's  fragility 
through  the  development  of  a  fragility  curve, 

which  defines  Pao  as  a  function  of  the  proba¬ 
bility  of  failure  for  a  specific  weapon  type. 
Generally,  some  "key"  displacement  value  is 
chosen  to  indicate  failure;  such  as  the  maximum 
vertical  deflection  at  the  midspan  of  a 
structure. 

Generation  of  fragility  curves  using  either 
a  Monte  Carlo  or  some  other  statistical  method 
involves  a  substantial  number  of  nonlinear 
structural  response  computations.  The  quantity 
of  computations  must  be  sufficient  to  enable 
determination  of  the  effects  of  variations  in 
the  structure's  properties  and  weapon  types. 
This,  along  with  the  iterative  computation  of 
Pqo  each  specific  set  of  structural  proper¬ 

ties  and  weapon  types,  usually  results  in  such  a 
large  number  of  computations  as  to  preclude  the 
use  of  dynamic  finite  element  computations. 

Because  of  their  simplicity  and  economy  of 
operation,  lumped  mass  approximations  are  often 
employed  for  these  probabilistic  coaumtatione  in 
the  form  of  either  SDOF  or  MDOF  idealisations. 
For  complex  structures,  however,  these  idealisa¬ 
tions  are  often  only  superficially  based  ou  the 
actual  structural  behavior  because  of  either 
lack  of  test  dats  or  any  clear  understanding  of 
structural  performance;  e.g.,  how  the  structure 
is  affected  by  the  variation  in  a  web's  thick¬ 
ness  or  yield  strength. 

Finite  element  calculations  can  improve  the 
fragility  analysis  in  three  ways:  (1)  by  provid¬ 
ing  shape  and  ra  ilstance  functions  for  the  SDOF 
and  MDOF  awdels,  [2)  by  determining  tha  affects 
of  parameter  variations  on  those  functions,  and 
(3)  by  assessing  i  ha  systematic  errors  introduced 
by  the  SDOF  and  MDOF  idealizations.  Tha  remain¬ 
der  of  this  paper  describes  the  manner  in  which 
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cite  result*  from  finite  eleeent  calculations  ere 
used  in  conjunction  with  the  SDOK  idealisation. 
Also  mentioned  is  a  validation  case  vhich 
illustrates  the  efficacy  of  this  procedure. 

SINGLE  DEGREE-OF-FPEEDGM  MODELS 

The  intent  of  the  SDOF  idealization  is  to 
replicate  the  displacement  history  of  any 
specific  point  in  the  actual  structure.  To 
develop  the  idealisation  requires  two  fundamen¬ 
tal  pieces  of  information:  a  force  deformation 
relation  for  a  specific  point  and  its  associated 
shape  function.  For  an  SDOF  idealization,  the 
equation  of  motion  is  written  in  terms  of  an 
effective  mass,  stiffness,  and  force 

me  6  +  ke  d  »  r'e(t)  (1) 

where  these  effective  properties  are  defined  in 
terms  of  the  actual  structural  properties  and 
i.he  shape  function 

effective  mass:  «  K^Wj  (2) 


effective  stiffness:  ke  ”  KjJR(S)  (3) 


effective 

force 

:  fe(t)  -  KLF(t) 

(4) 

where 

Km  - 

mass 

of  4 

factor,  which  is  a 

function 

»L  * 

load 
of  4 

factor,  which  ia  a 

function 

^  - 

total 

mass  of  structure 

R  “  stiffness  of  structure,  often 

denoted  as  the  resistance  function 

F  ■  dynamic  force  applied  to  structure 

6  •  displacement  for  the  SDOF  ideal¬ 

isation  or  the  "key"  displacement 
within  the  real  structure 

fi  “  acceleration 


See  reference  [1]  for  a  more  coeplete  de¬ 
scription  of  the  method. 

For  nonlinear  systems,  the  stiffness  of  the 
structure  t. s  approximated  as  a  piecewise  linear 
function  and  is  generally  denoted  as  tha  resist¬ 
ance  function  R(6).  Tha  load  and  mass  factors 
are  derived  from  the  shape  function  4.  which 
is  itself  dependent  on  i  and  the  spatial  co¬ 
ordinates. 

To  better  understand  the  effect  of  the  shape 
function,  Equation  (1)  ia  recast  in  terms  of  the 
actual  system  parameter* 

Ks(S)  MT  «  ♦  K(«)  6  -  Fit)  (5) 
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"W  denotes  location  of  maximum  web  deflection 


Figure  1.  Generic  Stiffened  Plate 


where 


Kg(6)  -  Km/Kl 


(4) 


From  this  form,  it  is  clear  that  as  the  factor 
Kg  becomes  negligible,  Equation  (3)  reverts  to 
a  static  condition.  This  equation  can  also  be 
used  to  evaluate  the  effect  of  various  shape 
functions,  where  smaller  values  of  displacement 
will  be  computed  as  the  value  of  Kg  increases. 

Shape  and  tesistance  Function  Computations. 
Static  finite  element  calculation*  are  used  as 
the  basis  from  which  the  resistance  I,  end  its 
associated  shape  function  4.  are  derived.  The 
static  fore*  used  in  the  finite  element  modal 
must  replicate  the  spatial  distribution  of  the 
dynamic  force  applied  to  the  actual  structure. 
Also,  some  error  occurs  If  the  applied  dynamic 
load  is  not  in  phase  everywhere  on  the  actual 
structure,  such  as  for  a  traveling  wav*. 
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Figure  2.  Structure  Meah 


To  illustrate  the  process  for  deriving  R  and 

a  finite  eleaent  computation  for  a  stiff¬ 
ened  plate  is  presented.  The  design  is  shown  in 
Figure  1;  hereafter  it  is  referred  as  the 
STRUCTURE.  The  properties  of  the  constituent 
materials  for  this  baseline  STRUCTURE  are  given 
in  Table  l  in  the  horizontal  column  VO.  To 
examine  the  effect  of  different  geometric  and 
mechanical  properties  on  the  STRUCTURE'S  re¬ 
sponse,  several  variations  from  the  baseline 
configuration  are  defined.  These  are  also  shown 
in  Table  1  and  are  denoted  as  STRUCTURES  VI 
through  V4.  The  premise  for  these  variations  is 
maintenance  of  a  constant  weight.  All  calcula¬ 
tions  are  done  with  ADIHA  (reference  (2])  using 
nonlinear  material  properties  and  finite 
strains;  the  loading  is  a  uniform  pressure 
applied  to  the  top  surface  of  the  STRUCTURE. 

Figure  2  depicts  the  mesh  used  for  the 
finite  element  computation;  because  of  symmetry, 
only  one-eighth  of  the  STRUCTURE  is  modeled. 
The  top  and  bottom  plates  are  modeled  as  shells 
and  the  webs  are  modeled  as  membranes.  The 
resistance  functions,  i.e.,  applied  pressure 
versus  maximum  web  displacement,  for  STRUCTURES 
VO  through  V4  are  shown  in  Figure  3,  while  the 
maximum  resistance  for  each  variation  is  listed 
in  Table  1.  For  STRUCTURE  VO,  the  def  onset  ions 
along  the  top  of  the  web  are  depicted  in  Figure 
4,  where  they  are  normalised  with  respect  to 
their  maxima.  The  normalised  deformations 
constitute  the  shape  functions  +. 


DIS1ANCL  ALONG  WLB.  m 


Figure  4.  Shape  Function  for  STRUCTURE  VO 

The  mass  and  load  factors  are  computed  from 
the  shape  function.  Since  the  STRUCTURE  experi¬ 
ences  deformations  into  the  plastic  range,  4 
will  change  as  a  function  of  the  load  as  shown 
in  Figure  4.  Using  this  figure,  an  expression 
for  4  as  a  function  of  the  STRUCTURE'S  center- 
line  displacement  can  be  derived,  i.e.,  4  =  4(5) 
where  6  also  is  the  SDOF  displacement  variable 
for  the  STRUCTURE.  In  the  limit,  a  continuous 
curve  for  the  Kg  factor  versus  6  could  be 
generated.  From  a  practical  standpoint,  it  is 
adequate  to  compute  only  average  values  of  Kg 
associated  with  each  linear  portion  of  the  resis¬ 
tance  function.  Thus,  for  the  elastic  range  of 
resistance,  a  value  of  Kg  is  computed;  while 
for  che  plastic  range,  several  values  may  be 
computed. 
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Table  1.  Properties  and  Response  for  STRUCTURE  Variations 
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Table  1  contains  the  Kg  factors  for  the 
several  STRUCTURE  variations.  The  Kg  varies 
only  minimally  with  increasing  pressure  for 
STRUCTURE  VO;  it  starts  from  a  value  similar  to 
that  for  an  elastic  circular  plate  (reference 
[1])  and  increases  in  value  about  10Z.  In  the 
plastic  range,  the  variation  in  Kg  is  in  sharp 
contrast  to  the  result  obtained  in  reference  [1], 
where  the  plastic  Kg  for  a  circular  plate  de¬ 
creases  by  about  30Z.  The  reason  for  this  dis¬ 
crepancy  is  that  the  Kg  of  reference  [1]  is 
based  on  a  bending  mechanism,  while  the  mechanism 
associated  with  the  STRUCTURE  is  that  of  shear 
failure. 

SOOF  Validation.  The  preceding  methodology 
provides  an  SDOP  idealisation  based  on  a  consis¬ 
tent  and  relatively  accurate  set  of  parameters. 
The  remaining  and  prominent  source  of  error  in 
the  SOOF  approximation  is  the  inherent  weakness 
of  computing  e  dynamic  response  with  an  SOOF. 
This  is  particularly  pronounced  for  stiffened 
plates  which  may  require  very  high  pressures  to 
fail.  Associated  with  the  high  pressure  blast 
is  a  very  short  duration  wave  front,  so  that 
much  of  the  energy  is  not  converted  to  motion 
because  of  the  typically  lower  frequency  of  the 
SDOF  system.  That  is,  the  frequency  mismatch 
between  the  load  and  the  SDOF  system  causes 
underprediction  of  the  notion. 

To  obtain  t.ome  estimate  of  the  error  asso¬ 
ciated  with  the  SDOF  idealisation,  a  nonlinear 
dynamic  finite  element  response  was  computed  for 
the  STRUCTURE  VO  and  is  shown  in  Figure  5.  The 
corresponding  SDOF  calculation  is  also  shown. 
The  resistance  function  for  this  calculation  is 
based  on  a  bilinear  approximation  taken  from 
Figure  3  for  STRUCTURE  VO,  and  0.79  is  used  for 
Kg.  As  expected,  the  SDOF  uuderpredicced  the 
"exact"  finite  element  reault,  in  this  case  by 
7X. 


flMf,  set: 


Figure  3.  Comparison  of  SOOF  and  Finite 
Element  Response 


CONCLUSION 

This  paper  presents  a  methodology  for 
defining  the  SDOF  model  based  on  static 
responses  computed  from  a  high  fidelity  finite 
element  model.  By  also  performing  a  few  dynamic 
finite  element  computations,  the  SDOF  results 
can  be  evaluated  for  accuracy  and  possibly  be 
corrected  to  provide  ultimately  better  fragility 
curves.  In  summary,  the  strategy  presented 
provides  a  basis  upon  which  the  efficacy  of 
using  the  SDOF  model  in  fragility  calculations 
may  ba  judged. 

Hie  calculations  for  the  STRUCTURE  indicate 
that  the  SDOF  can  yield  an  adequate  result  when 
compared  to  a  high  fidelity  dynamic  finite 
element  solution.  Also  demonstrated  is  the 
importance  of  understanding  the  mechanism  in 
which  the  structure  fails.  For  the  STRUCTURE 
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used  in  thia  paper,  tha  SDOF  factor  Kg  ia 
quite  different  fron  Chat  reported  in  the 
atandard  references.  The  difference*  in  R, 
end  Kg  for  the  paraaetric  variation*  VO-V4  of 
the  STRUCTURE' s  propertiea  indicate  that  for 
parametric  studies  Kg  and  R  mutt  be  taken  ae 
functiona  of  the  structural  variables. 


inherent  lack  of  coupling  between  the  blaat  load 
and  the  lower  frequency  SDOF  model.  The  SDOF 
method  la  eapecially  auited  for  the  development 
of  fragility  curvee  where  paraaetric  calcula¬ 
tion*  are  needed  and  only  moderate  accuracy  ia 
required. 
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ABSTRACT 

Recently,  the  reeults  of  21  reinforced  con¬ 
crete  shear  panel  tests  were  reported  by  the 
University  of  Toronto.  This  paper  at t septs  to  com¬ 
pare  several  analytical  predictions  with  these 
Toronto's  tests.  These  includes  (1)  a  sleplified 
analysis  act hod;  (2)  a  refined  finite  eleeant 
method;  and  (3)  a  summary  of  other  Investigators' 
results  using  different  constitutive  models  for 
reinforced  concrete  materials.  It  is  found  that, 
for  practical  use,  the  sleplified  method  excluding 
the  effect  of  concrete  tension  stiffening  appears 
to  give  an  adequate  prediction  of  the  behavior  and 
strength  of  shear  panels.  The  refined  finite  ele¬ 
ment  method  is  found  to  give  a  better  prediction 
for  the  case  of  anlsot Topically  reinforced  concrete 
panels. 


1 .  INTRODUCTION 

Reinforced  Concrete  Planar  elements  often  fore 
part  of  a  complex  structural  system,  such  as  shear 
walls  in  multistory  building  frames,  box  girders  or 
V-folded  plate  roofs. 

Generally  speaking,  the  analytical  methods 
developed  for  these  types  of  structures  can  be 
grouped  Into  two  approaches.  The  first  approach 
treats  the  panel  as  an  ordinary  base,  while  the 
second  approach  considers  the  planar  element  as  a 
general  plane  stress  problem,  using  elastic  homo¬ 
geneous  and  isotropic  Idealisation  for  the 
material.  Recently,  through  experimental  studies 
and  engineering  approximation,  the  effects  of 
cracking  of  concrete,  yielding  of  reinforcing  steel 
and  the  nature  of  failure  mechanism  have  been 
Incorporated. 

With  the  present  state  of  developeent  of  fin¬ 
ite  element  computer  method,  analytical  solutions 
for  any  properly  formulated  constitutive  laws  for 
reinforced  concrete  aaterlals  can  be  obtained. 
Within  the  mechanics  of  finite  element,  however, 
the  trend  has  been  toward  the  use  of  higher-order 
element  and/or  more  complex  material  models.  As  a 
result,  coaputatlonal  time  has  been  drastically 
Increased. 


The  aim  of  this  paper  is  to  present  a  simpli¬ 
fied  method  and  to  coapare  the  rasults  with  that  of 
a  refined  finite  element  method.  The  proposed 
method  enables  designers  to  assess  the  response  of 
reinforced  concrete  panels  throughout  the  entire 
range  of  loading  up  to  ultimate  strength  including 
the  post-failure  behavior. 

Recently,  some  test  data  and  several  calcu¬ 
lated  results  were  made  available  to  the  investiga¬ 
tors  through  the  International  Competition  Commit¬ 
tee  on  the  Prediction  of  Structural  Responae  of 
Reinforced  Concrete  Panels.  These  panels  were 
tested  .at  the  University  of  Toronto  in  the  summer 
of  1981 3 .  This  paper  attempts  to  compare  the  pred¬ 
ictions  based  on  the  simplified  method  with  that  of 
Toronto's  tests  as  well  as  those  predictions  made 
by  other  Investigators  using  different  constitutive 
models  for  reinforced  concrete  aaterlals. 

All  reinforced  concrete  panels  considered  in 
the  present  study  have  the  seme  thickness  with  two 
layers  of  reinforcements.  Only  in-plane  loads  are 
considered.  Herein,  for  simplicity,  the  psnel  is 
treated  as  a  plana  stress  problem. 

The  first  part  of  this  report  describes 
briefly  the  tests  that  were  conducted  at  the 
University  of  Toronto,  followed  by  the  presentation 
of  the  simplified  analysis  method  and  the  refined 
finite  element  method.  The  comparisons  between  cal¬ 
culated  results  and  tests  and  between  the  simpli¬ 
fied  method  and  the  refined  finite  element  solution 
are  then  presented. 

2.  TEST  PANEL  AND  TEST  SET-UP 
2.1  Teat  Panels 

The  panels  tested  at  the  University  of  Toronto 
were  890  x  890  x  70  mm  plates  with  two  layers  of 
welded  wire  fabric  (Fig.  1).  The  clear  concrete 
cover  to  the  outer  reinforcement  (the  x  direction 
steel  Is  on  the  outside)  is  6  mm.  The  wires  were 
spaced  at  50  mm  center  to  center.  At  each  edge  of 
the  specimen,  five  steel  shear  keys,  anchored  with 
shear  studs,  were  cast.  Brass  strain  targets  were 
fixed  onto  the  reinforcing  steel  and  protruded  to 
the  surfaces  of  the  specimen.  Sixteen  targets,  oo 


a  200  m  grid,  vara  uaad  on  each  aid*  of  tha  speci¬ 
men  Co  raad  attains  In  tha  longitudinal, 
tranavaraa,  and  tha  45°  directions.  Tabla  1  auar* 
ma rites  tha  parameters  and  obaarvatlona  of  tha 
tested  specimens  . 

2 .2  Testing  Set-Up 

Every  specimen  was  loaded  by  llnka  pinned  to 
the  steal  shear  keys.  Each  key  was  acted  upon  by 
two  Inclined  links  (Fig.  2).  When  one  link  pulled, 
while  the  other  pushed  with  the  sane  force,  a 
resultant  force  parallel  to  tha  edge  was  produced. 
If  the  other  also  pulled  with  the  same  force,  a 
resultant  force  norsuil  to  the  edge  would  be  pro¬ 
duced. 

The  forces  In  the  40  links  (2x5  x  4)  were 
produced  by  37  double-acting  hydraulic  jacks  acting 
on  37  of  the  links.  The  remaining  three  links  were 
fixed  In  length  to  stabilise  the  overall  position 
of  the  spa clean  within  the  rig. 

To  prevent  out-of-plane  movement  of  the  panel 
the  shear  keys  were  attached  to  an  auxiliary  frame 
by  means  of  tie-rods  with  spherical  rod  ends  . 

3.  SIMPLIFIED  METHOD 
3.1  Material  Models 

Concrete!  The  uncracked  concrete  is  assumed 
to  be  an  elastic,  Isotropic,  homogeneous  material. 
Tha  dlrectloo  of  crack  is  assumed  to  occur  perpen¬ 
dicular  to  the  maximum  principal  tensile  stress  in 
the  concrete  Just  prior  to  the  formation  of  cracks. 
After  the  formation  of  cracks,  they  are  assumed  to 
be  fixed  In  tha  panel.  Further,  the  cracked  con¬ 
crete  Is  assumed  to  be  a  transveraely  Isotropic  (or 
orthotropic)  material  with  one  of  the  material  axes 
being  oriented  along  the  direction  of  cracking. 
The  reserved  shear-strength  In  the  cracked  concrete 
due  to  aggregate  Interlocking  Is  accounted  for  by 
retaining  a  portion  of  the  shear  modulus. 

In  modeling  t^a  cracks,  the  a aea red-cracking 
approach  Is  used  .  In  this  approach,  a  crack  Is 
treated  as  an  Infinite  number  of  parallel  fissures 
across  that  part  of  the  single  element  as  sketched 
In  Fig.  3.  Two  approaches  for  tensile  stress 
bullt-down  across  the  cracks  are  used:  one  consid¬ 
ers  the  Influence  of  concrete  tension  stiffening  as 
shown  In  Fig.  4a,  the  other  treats  the  concrete  as 
a  purely  brittle-fracture  material. 

Steel:  The  reinforcements  are  treated  as  a 
continuous  layer.  Thus,  no  individual  bar  is  con¬ 
sidered.  The  reinforcement  is  assumed  to  take  only 
axial  stress  and  its  stress-strain  relationship  is 
Idealised  as  the  elastic-perfectly  plastic  typs. 

Reinforced  Concrete:  Perfect  compatibility  of 
deformation  between  concrete  and  steel  Is  sssumed. 
The  uncracked  and  unylelded  reinforced  concrete  can 
therefore  be  conaldered  as  an  elastic  Isotropic, 
homogeneous  material.  After  cracking  occurs,  It 
can  be  visualised  as  a  planar  latticed  structure 
with  Infinitesimal  mesh  slse.  One  set  of  lattice 
links  is  formed  by  concrete  columns  and  other  set 


is  formed  by  reinforcements  for  each  of  the  rein¬ 
forcement  directions.  In  ^bjeh  only  Internal  normal 
forces  can  be  transmitted1*  . 

3.2  Material  Stiffness 

The  material  stiffness  of  the  composite  ele¬ 
ment  is  obtained  by  the  simple  superposition  of 
material  stiffnesses  of  concrete  to  that  of  rein¬ 
forcement.  This  Is  summarised  In  the  forthcoming. 


Elastic  uncracked  concrete:  If  the  Influence 
of  reinforcement  area  Is  Included,  the  matrix  [D]^ 
for  the  special  case  of  plane-stress  condition  Is, 
in  the  usual  notation, 


a  -  [Dj 
y  1  c 


(l-px) 


a-Py> 


in  which  p  and  p  are  steel  ratios  in  x-  and  in¬ 
direction  Respectively  and  E  and  v  are  Young 
modulus  and  Poisson's  ratio  of  concrete  respec¬ 
tively. 


Elastic  cracked  concrete:  In  this  case,  it  Is 
further  assumed  that  a  crack  forms  in  the  place 
perpendicular  to  the  maximum  prlnclpal-tenslle- 
stress  direction.  As  mentioned  previously,  for  the 
case  of  purely  brittle-fracture  model,  only  the 
normal  strasa  perpendicular  to  the  cracked  plane 
and  part  of  the  shear  stress  parallel  to  the 
cracked  direction  are  released;  the  other  stresses 
are  assumed  to  remeln  unchanged  (Fig.  5a).  Thus, 
the  stress  state  In  a  cracked  concrete  la  essen- 
tlally  an  uniaxial  atresa  stats  parallel  to  the 
cracked  direction.  The  sliced  concrete  between  two 
adjacent  cracked  planes  behaves  as  a  single  column. 
For  a  crocked  concrete,  we  have ,  referring  to  the 
x'y'  coordinate  system  (Fig.  3) 


(  0  <  p  <  1  ).  Using  Cauchy's  formula  for  stress 
transformation,  we  obtain  the  Incremental  stress- 
strain  relatlonahlp  in  x-y  coordinate  system  (Fig. 
3) 


where  [Dl  - 
c 
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where  C  ■  cos<t>,  S  ■  sinqi,  M  *  C  -  S  ,  the  angle  4> 

Indicates  the  direction  of  crack*  (Fig.  3). 


On  the  other  hand,  for  the  caae  of  concrete 
tension  stiffening  model,  the  stress  state  In  a 
cracked  concrete  is  assumed  to  be  In  a  biaxial 
stress  state.  The  sliced  concrete  between  two 
adjacent  cracked  planes  behaves  as  an  orthotropic 
planar  element.  In  this  case,  following  Eq.  (2) 
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similarly,  we  have  Eq.  (3)  and  the  elements  In 

matrix  [D]  are  defined  as 
c 

D„  -  D,„  -  C7(C2+S2v)E  +  S2(S24C2v)E  +  4C2S2pS 

11  ii  c  r. 

D.,  -  D_ .  -  S2(C2+S2v)E  +  C2 (C2+S2 v)E  -  4C2S2pG 

12  cl  fl  t  i 

D31  -  CS(C2+S2v)Ec  -  CS(S24C2v)Et  -  2CS(C2  -  S2)pCc 

D,.,  -  CS(S„-K:-V>E  -  0?(C2+S2 v)E  +  2CS\C2-S2)pG 
32  L  l  c  t  C 

Du  -  2C3S(l-v)Ec  -  2CS3(l-v)Et  -  4CS(C2-S2)pGc 

D23  -  2CS3(l-v)Ec  -  2C3S<l-v)Et  +  4CS(C2- S2 )pGc 

D33  -  2C2S2(1-v)Ec  +  2C2S2(l-v)Et  +  2(C2-S2)2pGc 

where  E^  is  the  initial  tension  modulus  of  elasti¬ 
city  of  concrete. 


Elastic  Reinforcement;  Since  the  reinforce¬ 
ments  are  assumed  to  take  only  axial  Btress,  the 
material  stiffness  matrix  for  reinforcements  is 
similar  to  that  of  cracked  concrete  (Fig.  5b). 
Denoting  the  inclination  angle  of  reinforcement 
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Plastic  Reinforcement:  Similar  to  the  cracked 
concrete,  but  with  the  modulus  E  equal  to  taro, 
the  component  mats rial  stlffnaas  matrix  for  a  plas¬ 
tic  ralnforcamant  is 


ID]S  -  [0] 


(2) 


3.3  Single  Element  Analysis 

The  stress-strain  relations  expressed  previ¬ 
ously  in  terms  of  stiffness  matrices  can  now  be 
incorporated  in  the  analysis  of  reinforced  concrete 
panels  using  a  single  square  element  to  approximate 
the  actual  teste.  The  numerical  analyses  have  been 
performed  for  the  cases  shown  in  Table  2. 

Cracking  in  Concrete:  Before  cracking,  the 
specimen  behaves  aa  a  linearly  elastic  isotropic 
material  and  lta  stiffness  matrix  ia  obtained  by  a 
simple  superposition  of  the  material  atlffnesses  of 
concrete  to  that  of  reinforcements  in  x-,  y-  direc¬ 
tions.  For  example,  fay  substituting  a  ■  0  and  90° 
into  Eq.  (6)  and  adding  Eq.  (1),  we  obtain  the 
uncracked  stiffness  matrix  of  the  reinforced  con¬ 
crete  specimens. 

Using  the  Mohr's  circle  construction,  the 
crack  direction,  which  is  assumed  to  develop  per¬ 
pendicular  to  the  principal  tenalle  strain  in  an 
uncracked  concrete,  can  be  determined. 

When  the  oaxlmum  principal-tens  lie-strain 
reaches  the  critical  values  e'  (Fig.  4),  cracks 
occur  in  concrete.  After  the  formation  of  cracks, 
the  stiffness  matrix  of  a  cracked  specimen  must  be 
used.  If  the  concrete  tension  stiffening  is 
ignored,  the  stiffness  af  the  panel  is  obtained  by 
the  superposition  of  the  stiffness  of  cracked  con¬ 
crete  (Eq.  3)  to  that  of  reinforcements,  the  later 
is  the  same  as  that  of  uucracked  specimen  before 
yielding  of  steel. 

Beyond  the  initial  crack  point  1  (Fig.  6), 
there  are  two  extreme  loading  paths  to  follow: 
either  point  3  or  point  2.  For  a  load-controlled 
analysis,  the  loading  will  re  at  in  on  the  same  level 
as  that  of  the  uncracked  css-. ,  while  the  displace¬ 
ment  or  strain  must  increase  significantly  as  the 
element  stiffness  reduces.  This  corresponds  to 
point  3  in  Fig.  6.  Since  both  the  compressive  con¬ 
crete  and  the  tenalle  steel  ere  still  in  the  linear 
range,  it  ia  a  simple  ustter  to  determine  point  3 
directly  from  point  0. 


For  a  displacement  -  control  analysis,  we  oust 
allow  the  redistribution  of  the  released  stresses 
in  a  cracked  element  during  the  sudden  formation  of 
cracks.  This  correspond:)  tc  loading  path  1-2  (Fig. 
6).  The  released  stresses  (o„)  can  be  represented 


in  the  x'y'  coordinate  system  as 
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where  0  agalu  ia  the  radvctlon  factor  of  ahaar 
stress.  With  raapact  to  tha  x-y  coordinate  system, 
Eq  e  (8)  haa  tha  fora 
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It  should  be  notad  the  {o  }  Is  tha  released 
stress  vector  for  concrete  only.  Before  cracking, 
the  total  stresses  {a}  In  an  element  say  be 
separated  InCo 

<o)  -  i(o}c  +  {o}s]{e> 

-  CDl  lc}  +  [DJ  (e)  (10) 

C  8 

where  the  first  term  represents  tha  stress  In  con¬ 
crete  and  the  second  the  stress  In  steel. 

After  cracks  developed,  tha  total  stress 
change  (Ao)  In  the  panel  can  be  written  as 

{Ao)  -  {o}  -  (ao)  -  [D]c{e>  +  iDj^e}  -  iOQ) 

-  ( ID]  (e)  -  (a)]  +  ID1  {e>  (11) 

cos 


aggregate  Interlocking,  a  part  of  shear  force  will 
still  exist,  as  shown  In  Fig.  5a.  This  Implies 
that,  to  soma  extent,  the  "uniaxial'*  compressive 
strength  of  concrete  depends  on  the  reduction  fac¬ 
tor  p. 


Since  all  the  stress-strain  relationships. 
Including  cracked  concrete,  are  linear,  a  direct 
analytical  solution  of  stresses  and  strains  for 
this  type  of  problems  can  be  achieved  without  the 
recourse  to  a  step-by-step  calculation. 

4.  REFINED  FINITE  ELEMENT  METHOD 
4.1  Material  Models 

Concrete:  The  uniaxial  stress-strain  curve  of 
concrete  under  compression  Is  assumed  to  be  of  the 
form 


1+(E  e/f  -2 )(e/c  )-(e/e  r 
c  o  c  o  o 


Under  uniaxial  tension,  a  linear  stress-strain 
relationship  with  and  without  concrete  tension 
stiffening  Is  used.  Herein,  the  concrete  tension 
stiffening  model  Is  considered  as  shown  in  Fig.  4b. 

In  the  present  analysis,  we  use  the  failure 
criterion  of  concrete  proposed  by  Chen  and  Chen  . 
In  the  compression-compression  region: 

'„<»«>  ■  j2  *  W1  -  'u-  »  <‘» 

In  the  tension-tension  or  tension-compression 
region: 


where  the  flrot  two  terms  represent  the  stress  -  ,  .  .  .2  2 

changes  In  concrete.  W  “  J2  '  V6  +  Vl/3  "  Tu 


(14) 


For  the  case  of  tension  stiffening  model,  the 
stiffness  matrix  of  the  cracked  specimen  is 
obtained  by  a  simple  superposition  of  Eq.  (5)  and 
Eq.  (6).  For  simplicity,  we  assume  that  after 
cracking  the  concrete  modulus  Is  approximately 
equal  to  the  secant  modulus  until  the  tensile- 
strain  of  concrete  exceeds  a  certain  value,  at 
which  E  Is  taken  to  be  ecro  (Fig.  4a).  Further, 
it  Is  assumed  that,  when  the  maximum  principal  ten¬ 
sile  strain  of  concrete  reaches  the  value  e®,  or 
the  maximum  principal  compression  strain  of  Con¬ 
crete  reaches  the  value  xe^,  the  stiffness  matrix 
Eq.  (5)  Is  reduced  to  Fq.  (3). 

Yielding  in  Steel:  The  yielding  of  steel  Is 
one  of  the  possible  failure  modes  In  a  specimen. 
It  la  therefore  necessary  to  check  the  strain  In 
the  axial  direction  of  the  reinforcements.  When 
th«  axial  strain  In  the  longitudinal  or  transverse 
steels  reaches  the  yield  value  e®,  the  steel 
yields.  0 

Crushing  In  Concrete:  In  some  cases,  the 
uniaxial  compressive  strain  of  the  slic*d  concrete 
between  two  adjacent  cracked  planes  naed  to  be 
checked.  As  It  reaches  the  critical  value  ec  (Fig. 
4a)  corresponding  to  the  uniaxial  stress  levfil  xf  , 
where  x  is  a  reduction  factor  usually  taken  to  fie 
0.85,  the  concrete  crushes.  Note  that  due  to 


where 

a,  b  and  »  material  constants 

Steel:  As  for  steel,  an  elastlc-perfectly 
plastic  von  Mlses  type  of'  yield  criterion  was 
assumed.  In  the  case  of  biaxial  stress  state,  the 
von  Mines  criterion  reduces  to 

-  OjOj  +  -  f2  (15) 

where  a.,0^  ■  principal  stresses,  f  is  the  yield 
stress  of  steel.  " 

Thus,  the  influence  of  shear  stress  on  the 
strength  of  steel  Is  Included  In  the  refined 
analysis. 

4.2  Finite  Element  Analysis 

A  model  consisting  of  four  node  plane  stress 
elements  was  used.  The  numerical  analysis  la  per¬ 
formed  by  load  increments  as  shown  In  Fig.  7a.  The 
solution  within  one  load  Increment  la  obtained  by 
solving  the  matrix  equation 

(Ax>  -  [K] (AU>  (16) 

where  (Ax)  Is  Incremental  load  vector,  and  (AD)  is 
the  Incremental  unknown  displacement  vector.  The 
dimension  of  these  vectors  Is  equal  to  the  number 
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of  discrete  displacements  considered  In  the 
analysis. 

The  aciffneas  matrix  (K]  la  assembled  fro*  the 
element  stiffness  [It]  matrices  by  the  direct  etiff- 
neas  procedure.  The  element  etlffneaa  matrix 
depends  on  the  material  properties  of  the  element, 
and  is  given  by  the  matrix  triple  product 

[K]  -  /y  lB]TlDHB)dv  (17) 

Matrix  [B]  specifics  the  etrain-dislacemant  rela¬ 
tions.  The  material  properties  are  Introduced  by 
means  of  the  materiel  stiffness  matrix  (D] .  The 
element  stiffness  matrix  changes  with  the  change  of 
the  material  stiffness,  such  as,  for  example,  dur¬ 
ing  the  transition  from  the  uncracked  to  the 
cracked  state. 

The  iteration  procedure  for  one  load  increment 
is  illustrated  in  Fig.  7a.  The  solution  is  first 
performed  assuming  an  initial  stiffness  (point  2  in 
Fig.  7a).  Then  all  material  criteria  are  checked 
in  all  elements.  For  those  elements  whose  tensile 
strength  or  yield  stress  is  exceeded,  the  material 
stiffness  and  thus  the  element  stiffness  matrices 
are  updated.  The  unbalanced  forces  are  redistri¬ 
buted  to  the  entire  system  in  order  to  maintain 
equilibrium.  This  may  take  several  displacement 
solutions  (between  points  2  and  3),  before  all 
material  criteria  are  satisfied.  In  This  pro¬ 
cedure,  any  number  of  elements  can  be  treated 
simultaneously  for  cracking  or  plasticity  during 
one  load  increment. 

If  the  displacement  (Instead  of  force)  incre¬ 
ment  is  specified,  a  typical  load-dlslacement 
diagram  is  shown  in  Fig.  7b.  Such  curves  may  occur 
either  just  after  the  formation  of  cracks  or  at  the 
limit  load.  Details  of  this  calculation  procedure 
are  given  elsewhere  (see  in  Ref.  [1]).  The  present 
refined  analysis  was  conducted  using  a  finite  ele¬ 
ment  program  called  NFAP  ,  which  is  an  in-house 
research  computer  code  at  the  University  of  Akron. 
All  computer  runs  were  made  on  an  IBM  360-158  com¬ 
puter. 

5 .  NUMERICAL  RESULTS 

5.1  Simplified  Method 

Using  somewhat  different  material  parameters, 
the  numerical  results  predicted  by  eight  Purdue 
graduate  students  using  the  simplified  inelastic 
analysis  without  concrete  tension  stiffening  are 
summarized  in  Table  2  together  with  the  average 
values  of  the  four  tested  panels  reported  by 
University  of  Toronto  and  the  range  of  20  analyti¬ 
cal  predictions  made  by  24  authors  fro*  11  dif¬ 
ferent  countries  around  the  world. 

The  simplified  method  appears  to  predict  the 
failure  stress  of  panels  reasonably  well,  espe¬ 
cially  for  those  under  same  loading  system.  As 
compared  with  various  predicted  results  of  the 
International  Competition,  the  predicted  failure 
strengths  by  the  simplified  method  are  seen  closer 
to  the  average  value  than  those  based  on  computer 
models.  A  sketch  of  comparisons  between  the 


present  results  baaed  on  the  simplified  method  with 
those  computer  solutions  based  on  different  consti¬ 
tutive  models  are  shown  in  Figs  8  to  11  for  the 
four  types  of  panels. 

As  for  the  aggregate  interlocking,  it  is  found 
that  It  has  a  significant  effect  for  the  non- 
lsot Topically  reinforced  concrete  panels,  such  as 
panels  PV19  (Fig.,  12)  and  PV29.  In  fact,  the 
aggregate  interlocking  factor  0  is  found  to  Improve 
significantly  the  softening  behavior  of  a  cracked 
concrete  specimen.  The  value  of  this  factor 
depends  on  the  level  of  loads  and  the  amount  of 
steel  ratio.  For  the  present  cases,  it  is  found 
that  if  the  value  of  0  is  limited  in  the  range  0.5 
to  0.8,  the  solution  that  describes  the  post- 
cracking  behavior  of  panels  is  generally  accept¬ 
able. 

If  the  tension  stiffening  of  concrete  Is  con¬ 
sidered,  as  shown  in  Figs.  8  to  11,  the  calculated 
curves  are  closer  to  test  curves,  but  the  failure 
points  do  not  change  mich. 

5 .2  Refined  Finite  Element  Method 

The  predicted  results  including  the  considera¬ 
tion  of  concrete  tension  stiffening  are  summarized 
in  Table  3  by  comparing  with  both  the  testa  and  the 
predicted  results  of  the  International  Competition 
and  the  simplified  method.  Some  typical  plots  are 
shown  in  Figs.  13  to  16.  Since  the  refined  finite 
element  method  considers  a  more  realistic  material 
model,  the  results  are  better  than  those  of  the 
simplified  method.  The  refined  method  can  also 
predict  the  progressive  failure  during  the  loading 
process.  For  example.  It  describes  the  details  of 
the  cracking  development  as  shown  in  Fig.  17.  The 
results  of  the  refined  method,  especially  those 
considering  the  effect  of  concrete  tension  stiffen¬ 
ing,  are  quite  close  to  the  average  values  of  the 
test  results. 

5.3  Error  of  Predicted  Results 

The  predicted  failure  stresses  for  panels  are 
generally  found  to  be  higher  than  that  of  test 
results  (Table  2  and  3).  Further  information  about 
the  details  of  the  tested  specimens  is  necessary 
before  a  definite  conclusion  can  be  made.  As  s 
typical  example,  from  the  crack  picture  of  panel 
PV29  (Fig.  18),  it  is  found  that  though  the  crack 
patterns  are  in  consistent  with  our  computations, 
the  failure  modes  of  specimens  at  ultimate  strength 
were  quite  different.  In  some  cases,  the  actual 
failure  is  caused  by  the  transversal  pull-out  of 
reinforcement  bers,  which,  in  turn,  causes  brittle 
sliding  shear  failure  of  concrete.  Most  of  tha 
predictions  rmportsd  by  the  International  Competi¬ 
tion  team  also  had  a  much  higher  failure  prediction 
for  panel  PV29  than  that  of  tests.  Furthermore,  it 
is  seen  from  Fig.  18,  that  the  transversal  bars  are 
not  exactly  vertical .  This  will  certainly  have  an 
influence  on  the  post-cracking  behavior  of  panel 
PV29.  These  phenomena,  can  also  be  found  in  many 
other  panels'  (Figs.  13,14,15). 

It  is  difficult  to  conduct  a  pure  sheer  stress 
test  In  a  laboratory  set-up.  The  problems 
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associated  with  this  type  of  tasta  art ,  among  many 
othara,  (1)  How  to  control  tha  whole  aat  of  jacka 
with  a  concert ad  action  (Fig.  2);  (2)  How  to  kaep 
tha  exact  direction  of  the  Jade  action,  especially 
near  the  atate  of  failure;  and  (3)  How  to  avoid 
various  kinda  of  local  failure  Including  tha  local 
pull-out  of  tha  ahaar  key a,  local  yielding  of 
steal,  wire  rupture  at^welda  etc.  In  the  prelim¬ 
inary  reaulta  reported  by  the  University  of 
Toronto,  53.3  percent  of  these  tested  apednana 
failed  praaaturely  due  to  local  failure. 

6.  CONCLUSIONS 

(1)  The  Important  parameters  in  the  panel 
study  are  the  aggregate  interlocking  factor  0,  and 
the  reduction  factor  of  tha  uniaxial  strength  of 
concrete  ic.  For  the  present  analysis  cases,  tha 
values  of  0  era  limited  In  the  range  0.5  to  0.8, 
and  r  are  taken  to  be  0.85. 


(2)  The  finite  element  method  la  found  to  give 
a  better  prediction  for  the  case  of  anleotroplcally 
reinforced  concrete  panels. 

(3)  The  inclusion  of  tension  stiffening  in  the 
concrete  material  model  improves  the  accuracy  of 
the  results.  For  concrete  panels,  the  range  of 
post  peaks  of  concrete  tensile  strain  nay  be  taken 

around  10c  • 
o 

(4)  Except  for  the  cases  of  local  failure,  the 
simplified  model  excluding  the  effect  of  concrete 
tension  stiffening  appears  to  give  an  adequate 
prediction  of  the  behavior  and  strength  of  shear 
panels  for  practical  use. 
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ABSTRACT 

In  this  paper,  transmlsslbillty  changes  In  a 
large  frame  structure  caused  by  damage  are 
utilized  to  diagnose  the  structural  damage  from 
cracking.  Transmlsslbillty,  for  the  purpose  of 
the  present  study.  Is  defined  as  the  ratio  of  the 
peak  acceleration  at  the  response  location  to  the 
amplitude  of  the  sinusoidal  excitation  in  a  plane 
frame  structure.  Transmlsslbllltles  at  different 
locations  in  an  undamaged  structure  and  In  a 
corresponding  structure  with  known  damage  are 
computed  and  the  results  are  compared  to  establish 
a  trend  among  the  changes  In  transmlsslbllltles  In 
relation  to  the  damage.  Transmlsslbillty  Is  a 
function  of  the  load  frequency  and  has  maxima  at 
the  modal  frequencies  of  the  structure.  In  a 
field  application,  transmlsslbllltles  before  and 
after  the  damage  occurs  can  be  measured.  The 
damage  location  can  be  predicted  with  a  minimum 
number  of  response  locations  where  transmlssl¬ 
bllltles  are  computed  (or  measured). 


INTRODUCTION 

Nondestructive  damage  diagnosis  Is  an 
Important  component  of  structural  safety  analysis. 
The  reliability  of  a  fractured  structure  depends 
on  the  accurate  diagnosis  of  the  location  and  of 
the  severity  of  the  fracture  damage.  Standard 
methods  of  fracture  Inspection  available  In  ASME 
code  f 1 ] ,  which  specifies  visual,  surface  and 
volumetric  techniques,  a^e  all  applicable  to 
relatively  simple  structures  or  to  large  complex 
structures  with  known  and  readily  accessible 
fracture  locations.  Otherwise,  special  methods 
based  on  a  sound  structural  theory  are  needed. 

The  present  method  Is  one  of  those  utilizing  the 
changing  dynamic  characteristics  due  to  the 
presence  of  cracks  on  some  structural  members.  It 
Is  desirable  to  apply  In  the  diagnostic  test  the 
dynamic  characteristics  that  relatively  minor 
fracture  damage  would  render  large  changes  In 
their  values.  The  present  paper  Illustrates  the 
use  of  transmlsslbillty  change  for  assessment  of 
fracture  damage  especially  In  large  structures. 


simple  frame  structures.  For  complex  structures 
or  structures  with  multiple  cracks,  the  frequency 
method  encounters  uncertainties  [4,5],  that  a 
probabilistic  assessment  becomes  necessary  and  is 
yet  to  be  developed.  Those  uncertainties  arise 
from  a  rnyrlad  of  measurement  problems;  such  as: 
small  frequency  changes  for  a  small  number  of 
cracks,  differences  In  frequency  changes  within 
measurement  error  for  different  damage  configu¬ 
rations  and  crossover  (frequency  of  predamage 
higher  mode  drops  below  that  of  lower  mode  after 
damage).  Transmlsslbillty  change  Is  proposed  as  a 
better  means  of  damage  diagnosis  [6,7].  Trans- 
mlsslblllty  Is  defined  as  the  ratio  of  the 
response  at  a  point  an  the  structure  to  a  sinu¬ 
soidal  excitation  at  another  point.  Significant 
changes  In  transmlsslbillty  can  result  at  optimal 
response  and  excitation  locations. 

In  this  method,  damage  to  a  Mode  I  type  crack 
In  banding,  Is  modeled  as  a  fracture  hinge  [2]. 
Internal  damping  Is  Incorporated  Into  the 
structural  model  by  means  of  complex  Young's 
rodull  for  sinusoidal  excitation.  Governing 
equations  for  the  beam  elements  which  make  up  the 
structure  are  therefore  of  the  same  form  as  that 
for  a  Bernoulll-Euler  beam  with  complex  coeffi¬ 
cients.  The  dynamic  analysis  of  frame  structures 
may  then  use  the  circuit  analogy  developed  by 
Akgun,  Ju  and  Paez  [5,8,9].  Each  uniform  beam 
element  is  represented  by  an  analog  w-clrcult.  A 
fracture  hinge,  that  Is,  the  mechanical  analog  of 
a  crack.  Is  simulated  by  a  "crack  resistor." 


TRANSMISSIBILITY 

For  a  structure  excited  by  a  sinusoidal  force 
at  a  specific  point,  the  transmlsslbillty  across 
the  structure  at  an  arbitrary  point  (a  measuring 
station)  Is  defined  as 

T  *  |A/F|  (1) 

where  A  Is  the  transverse  acceleration  at  the 
response  station  and  F  Is  the  force  at  the 
excitation  station.  When  F  Is  sinusoidal, 
transmlss iblllty  becomes 

T  «  02y/Fm  (2) 


Earlier  work  by  Ju  et  al  [2,3]  utilizes  the 
changes  In  modal  frequencies  for  fracture  damage 
diagnosis.  There,  the  method  applies  readily  to 
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where  fl,  y  and  Fm  are  the  excitation  frequency, 

the  magnitude  of  the  transverse  deflection,  and 
the  amplitude  of  the  excitation,  respectively. 
Transmlsslblllty,  hence,  Is  a  function  of  the 
frequency  and  has  peaks  at  the  natural  frequencies 
of  the  structure.  Its  value  at  a  particular 
location  and  frequency  will.  In  general,  change  If 
damage  occurs  to  the  structure.  The  relative 
transmlsslblllty  change  at  a  location  Is  defined 
as 

«T  =  <Tc  -  V/To  <3> 

where  T0  and  T  denote  the  pre-  and  post-damage 

transmlsslbllltles,  respectively.  The  relative 
transmlsslblllty  change,  Ry,  Is  a  function  of  the 

location  of  excitation,  excitation  frequency, 
location  where  the  response  Is  measured,  and  the 
damage  parameters,  l.e.,  crack  location  and 
Intensity. 

It  Is  desirable  to  have  large  values  of  Ry 

corresponding  to  relatively  small  cracks.  Such 
values  are  obtained  In  the  vicinity  of  the  modal 
frequencies  of  the  structures.  On  the  other  hand. 
If  the  deflected  shape  has  a  "pseudo-node  point" 
(PNP)  under  the  excitation  (the  point  with 
smallest  magnitude  of  transverse  deflection),  this 
point  will,  In  general,  shift  after  the  damage  has 
occurred.  The  numerical  results  Indicate  that 
largest  changes  In  transmlsslbl 1 1 ty  are  obtained 
In  the  vicinity  of,  but  not  exactly  at,  the 
pseudo-note  points  of  the  undamaged  structure  [/]. 
In  general,  then, 

-1  <  Ry  <  ®  (4) 

where  the  lower  limit  Is  approached  If  the 
transmlsslbllltles  are  computed  near  the 
pseudo-node  points  of  the  damaged  structure.  It 
should  be  noted  that  the  pseudo-note  points  of  the 
undamaged  and  damaged  structure  are  very  close. 

Ry  Is,  therefore,  very  sensitive  to  the  location 

of  the  response  station  In  the  vicinity  of  the 
pseudo-node  points. 

COMPUTATION  OF  DEFLECTIONS 

Under  sinusoidal  excitation,  Internal  damping 
In  a  beam  can  be  represented  by  the  complex 
Young's  modulus  [10],  namely, 

E  =  Eq(1  +  1«)  (5) 

where  EQand  «  are  the  dynamic  Young's  modulus  and 

the  damping  factor,  respectively.  A  damped 
Bernoulli -Euler  beam  under  concentrated  load  can 
be  simulated  by  an  analog  »  circuit.  A  planar 
frame,  n  stories  by  m  spans,  is  then  represented 
by  an  Interconnection  of  »  circuits  simulating 
columns  and  girders  [5,7].  lit  this  paper,  only 
one  major  crack  Is  assumed  to  exist  on  the 
structure.  The  beam  element  with  the  crack  Is 
simulated  by  two  *  circuits  joined  by  the  "crack 
resistor."  Crack  Intensity  Is  represented  by  a 


non-dimensional  variable  (e  *  3*(1  -  v2)(b/l) 

f  *[f(k)]^d\)  called  the  "sensitivity  number," 
J0 

[2,3]  which  Is  a  function  of  the  crack  depth  ( y ) 
and  the  slenderness  ratio  (b/L)  of  the  beam 
element  on  which  the  crack  Is  located.  Solution 
of  the  circuit  equations  yield  the  transverse 
deflection  at  the  desired  locations  on  the 
structure. 

The  application  of  the  transmlsslblllty 
method  will  be  Illustrated  with  an  example  of  a 
three-story  four-span  frame  (Figure  1).  Without 
loss  of  generality,  all  the  beam  elements  are 
taken  to  be  of  equal  length  and  the  properties  are 
uniform  throughout  the  frame.  The  fundamental 
undamped  characteristic  value  of  this  frame  Is 
computed  to  be  0.9653  without  any  crack.  Since 
exciting  the  frame  near  the  fundamental  modal 
frequency  yields  the  largest  changes  in  transmlss¬ 
lblllty,  the  frame  Is  excited  at  a  frequency 
corresponding  to  a  characteristic  value  of  0.96, 
slightly  less  than  the  fundamental  characteristic 
value  of  the  pre-damage  structure.  One  of  the 
outer  ground-floor  columns,  being  most  easily 
accessible.  Is  where  the  excitation  Is  applied. 

The  optimum  locations  of  the  excitation  on  these 
columns  for  the  maximum  change  In  transmlsslblllty 
are  found  to  be  near  the  Junctions  with  the 
girders.  The  location  of  the  excitation  Is  thus 
chosen  to  be  at  a  relative  distance  of  0.95  from 
the  ground.  One  of  the  objectives  of  the  study  Is 
to  accomplish  damage  assessment  with  as  few 
transducers  as  possible.  To  that  end,  the 
"pseudo-node  points"  (PNP)  of  the  girders  16,  19, 
21,  24,  and  27  (Fig.  1)  are  computed  accurately  In 
order  to  place  the  response  transducers.  Knowledge 
of  the  transmlsslblllty  changes  at  these  five 
stations  Is  found  adequate  to  Isolate  the  damage 
to  within  one  or  two  cells  of  the  frame.  The 
computed  relative  positions  of  the  pseudo-node 
points  (PNP)  of  the  above  girders,  measured  from 
the  left  end  of  each  girder,  for  an  excitation  at 
the  fundamental  characteristic  value  .96  applied 
on  column  1  (Fig.  1)  at  0.95  relative  position  are 
given  In  the  following  table.  The  transducer 
locations  (XL)  used  In  the  analysis  to  follow  are 
shown  In  the  last  row. 


Girder 

16 

19 

21 

24 

27 

PNP 

.6062 

.3913 

.4899 

.6183 

.3311 

TL 

.61 

.39 

.49 

.62 

.38 

Figures  2  and  3  depict  the  transmlsslblllty 
changes  corresponding  to  a  crack  on  girders  17  and 
26  (Fig.  1),  respectively,  as  functions  of  the 
crack  location.  Transmlsslblllty  change  at  the 
station  27  (on  girder  27)  for  a  crack  on  girder  17 
Is  very  small.  Changes  at  the  stations  16  and  19 
for  a  crack  on  26  are  also  very  small.  These 
transmlsslblllty  charges  are,  therefore,  not  shown 
In  the  figures.  The  damping  factor,  i.  Is  taken 
as  .01  In  the  computations.  The  sensitivity 
number,  e,  for  the  crack  Is  .01.  a  Is  a  function 
of  the  crack  depth  and  the  slenderness  ratio  of 
the  beam  on  which  the  crack  Is  located  [8,3].  For 


beams  with  slenderness  ratios  (length  to  beam- 
depth  ratio)  of  10  and  20,  e  *  .01  corresponds  to 
relative  crack  depths  of  .20  and  .28, 
respectively. 

Figures  2  and  3  demonstrate  that  the  trans- 
mlsslblllty  change  at  a  station  varies  signifi¬ 
cantly  with  respect  to  the  crack  location.  The 
large  variations  are  predominantly  due  to  two 
reasons.  First,  a  crack  In  the  vicinity  of  an 
Inflection  point  of  the  modal  shape  causes  a  very 
small  change  in  the  transmlsslblllty.  Secondly, 
the  locations  of  the  pseudo-node  points  of  the 
damaged  structure,  which  are  close  to  the 
pseudo- node  points  of  the  undamaged  structure, 
depend  on  the  location  of  the  crack.  Small  changes 
in  the  locations  of  the  pseudo-node  points  hence 
cause  large  variations  In  transmlsslblllty  at  a 
given  station. 

The  objective  of  the  study  Is  to  find  general 
trends  among  the  values  of  the  transmlsslblllty 
changes,  which  can.  In  practice,  be  used  to  locate 
damage,  given  the  transmlsslblllty  changes 
computed  from  the  measured  responses  at  the 
response  stations.  To  that  end,  transmlsslbil- 
Ities  at  all  five  stations  on  the  frame  of  Figure 
1  were  computed  with  and  without  any  crack,  with 
the  crack  location  varied  throughout  the  frame. 

The  results  of  comparing  the  relative  transmls- 
sibillty  changes  at  the  five  stations,  when  the 
frame  Is  excited  at  column  1,  are  summarized 
below,  where  R^  stands  for  the  relative  trans- 

mlssibllity  change  at  the  station  on  element  J. 

a)  A  crack  close  to  a  joint  or  an  anchor  renders 
larger  transmlsslblllty  changes  than  a  crack  In 
the  mid-region  of  a  beam  element. 

b)  If  the  crack  Is  far  from  the  jth  transmls¬ 
slblllty  station  (on  element  J),  Rj  Is  very  small 

compared  to  the  other  R  values.  Specifically, 

1)  Rjft  »  0  for  a  crack  on  elements  3,  6, 

9,  10  through  15,  19,  22  through  27. 

11)  «  0  for  a  crack  on  elements  1 

through  6,  9,  20,  24  through  27. 

ill)  R^q  e  0  for  a  crack  on  elements  10,  13 

through  15,  18,  23,  27. 

1v)  R^7  =»  0  for  a  crack  on  elements  1,  3, 

4,  17. 

v)  Is  almost  always  significant  when 

the  crack  is  not  at  an  Inflection  point 

of  the  modal  shape. 

These  results  are  for  a  8  value  of  .01.  Rj  Is 

considered  near  zero  If  Its  magnitude  Is  less 
than  10%  for  the  crack  located  anywhere  on  the 
particular  beam  element.  |R27I,  for  example,  Is 

less  than  10%  for  a  crack  located  at  most  anywhere 
on  the  girder  24.  However,  24  Is  not  listed  In 
{ 1 v )  since  R27  >  10%  when  the  crack  Is  near  the 

right  end  of  the  girder  24.  For  larger  values  of 
8,  I.e. ,  for  deeper  cracks  or  for  less  slender 


beams:,  magnitudes  of  the  above  Rj  values  may 

exceed  10%  but  they  would  still  remain  much 
smaller  than  those  of  the  other  significant  Rj 

values. 

c)  If  Rj6  and  R,,j  are  the  largest  two  or  are 

negative  and  the  lowest  two,  the  crack  Is  on  one 
of  the  elements  1,  2,  4,  5,  16,  17. 

d)  If  R^g  and  are  the  most  significant 

values  among  all  Rj  (I.e.,  they  are  the  largest 

two,  or  one  Is  the  largest  and  the  other  Is  nega¬ 
tive  and  the  lowest),  the  crack  Is  on  the  element 

7,  8,  10,  12,  14,  18,  or  19.  If,  In  addition. 

Rig  >  R2J  >  0,  the  crack  Is  not  on  the  element  7, 

8,  or  12. 

e)  If  R2|  and  are  the  only  significant 

values  (i.e.,  positive  and  large,  or  negative  and 
low)  while  the  others  are  small  In  magnitude,  the 
crack  Is  on  the  element  2,  3,  5,  6,  20  through  22, 
or  24.  If,  In  addttlon,  R27  1s  also  significant, 

the  crack  Is  on  the  element  25  or  26. 

f)  If  R2i  >  R27  >  0,  the  crack  Is  on  the  element 

9,  11,  12,  19,  21,  22,  or  24. 

g)  If  R27  >  R2j  >  0,  the  crack  Is  on  the  element 
9,  11,  12,  15,  23,  26,  or  27. 

h)  If  R2i  and  are  negative  and  the  only 

significant  values,  the  crack  Is  on  the  element 
12,  14,  22,  23,  25,  26,  or  27. 

1)  If  Rjg  and  R27  are  the  most  significant  values 
among  all  Rj  the  crack  Is  on  the  element  10,  13, 

14,  18,  19,  or  23. 

If  no  conclusion  Is  reached  as  a  result  of  excit¬ 
ing  structure  on  column  1,  the  frame  may  be 
excited  on  column  13  and  a  diagnosis  may  be 
reached. 


CONCLUSIONS 


The  present  paper  establishes  the  technique 
of  transmlsslblllty  method  In  the  diagnosis  of 
fracture  damage  In  structures.  The  analysis  1$  an 
extension  of  the  circuit  analogy  method  which  was 
developed  for  the  frequency  method  in  damage 
diagnosis.  The  extension  Involves  the  Incorpo¬ 
ration  of  damping  and  the  Insertion  of  the 
excitation  and  the  response  stations.  The  paper 
also  proposes  the  optimal  locations  on  beam 
elements  In  the  structure  for  the  mountings  of 
response  transducers.  It  1$  found  that.  In  the 
neighborhood  of  pseudo-node  points  In  the 
structure  at  the  particular  excitation  frequency, 
the  transmlsslblllty  change  can  be  large  even  with 


snail  cracks.  With  the  Influence  of  damping  and 
changes  In  dynamic  characteristics,  the  difference 
in  relative  transmlsslblllty  changes  (R^  can  lead 

to  the  accurate  location  of  the  fracture  damage 
and  thus  an  assessment  of  the  Intensity  of  the 
crack  damage. 
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ABSTRACT 

Effects  of  revetments  In  reducing  alrblast 
loading  on  aboveground  structures  as  a  function 
of  scaled  distance,  ft/W1/3,  where  W  Is  the  explo¬ 
sive  weight  In  pounds,  are  Investigated  experiment¬ 
ally.  Two  sets  of  ad  hoc  model  tests  were 
designed.  The  objectives  were  to  determine  the 
least  scaled  distance  from  the  explosive  source  to 
a  "structure"  behind  the  revetment  while  maintain¬ 
ing  a  desired  3.5-1 b/1 n2  peak  overpressure  environ¬ 
ment.  Analysis  of  the  data  showed  that  revetments 
effectively  reduce  the  peak  pressure  Immediately 
behind  the  revetment.  However,  a  transition  region 
exists  behind  the  revetment  where  the  pressure 
field  recovers  and  approaches  the  free-fleld  value, 
thus  nullifying  the  effect  of  the  revetment. 

I.  INTRODUCTION 


Three  basic  configurations  were  used. 

1.  Free-fleld  measurements  (Tests  1  and  2)  — 
Tests  Involved  no  revetment;  the  mock  structure  was 
located  at  one  side  of  the  gage  field. 

2.  Revetment/Structure  tests  (Tests  3,  4,  and 
5)--Tests  Involved  a  revetment  and  the  mock  struc¬ 
ture  located  a  scaled  15  ft  behind  the  revetment 
(e.g.,  spacing  for  a  road). 

3.  Revetment/Structure  tests  (Tests  6,  7,  and 
8)— Tests  Involved  a  revetment  and  the  mock  struc¬ 
ture  located  a  scaled  4  ft  behind  the  revetment 
(e.g.,  spacing  for  a  sidewalk). 

The  revetments  are  relatively  close  (4  to 
15  ft  full  scale)  to  the  structure  on  these  tests 
(Fig.  1), 


Current  explosive  safety  criteria  for  struc¬ 
tures  in  the  vicinity  of  stored  explosives  are 
based  on  the  quantity  of  the  explosive  and  the 
distance  from  the  explosive  source.  The  term 
relating  these  two  conditions  Is  called  a  K- 
factor,  which  Is  equal  to  this  distance  in  feet 
divided  by  the  cube  root  of  the  net  explosive 
weight  (TNT  equivalent)  In  lbl/3.  Current  stand¬ 
ards  for  intraline  distances  call  for  a  peak  side- 
on  overpressure  of  3.5  1 b/1 n2  and  a  K-factor  of  18. 
Intraline  distances  apply  to  facilities  closely 
related  in  mission  to  the  explosive  source. 


Economic  and  land  considerations  motivated  the 
design  of  two  sets  of  small  scale  revetment  tests 
to  investigate  the  possibility  of  reducing  the  K- 
factor  using  a  bin  revetment,  while  maintaining  the 
3.5-  1  b/1 n2  overpressure  celling.  The  tests  were 
also  designed  to  provide  baseline  data  regarding 
free-fleld  environments,  alrblast/rsvetment  shock 
Interaction,  and  blast  loading  definition. 

The  small-scaled  tests  (1/26  scale)  Involved 
surface  bursts  of  a  0.5-lb  (C-4)  hemispherical 
explosive  charge,  scaled  revetments,  and  mock 
structures.  The  K-f actors  ranged  from  5.4  to  13.2 
for  the  first  series  of  four  tests,  and  from  10.7 
:o  19  for  the  second  series  of  eight  tests.  The 
first  series  used  a  simple  stationary  bln  revet¬ 
ment.  The  second  test  series  Involved  a  movable 
revetment  and  mock  structure  to  accomodate  various 
configurations. 


Figure  la.  Movable  mock  structure. 
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T«|t  Explotlvt  location 

(w«>ur«d  fro*  Mounting 
olito  Judina  tdgo) 

3*  10.97?  ft  (3.344  a) 

4  9.314  fx  (2.839  «) 

5  7,650  ft  (2.332  m) 

K-stat1on»  for 
Cvants  3,  4,  and  5#* 


Kff  14, 2;  12,2;  10.2 


Koe  15.06;  13.06; 

™  11.06 

Kdt  15,16;  13,16; 
p'  11.16 

KR  15.5;  13.5;  11.3 


^  16.0;  14.0;  12.0 


Kc  16.5;  14.5;  12.5 
Kg  17.0;  15.0;  13.0 


*3ag«  6  (dynaalc  prassurt  proba)  was  u»ud 
In  Tast  3. 

**KRf  and  KgT  rafar  to  K-factors  on  tha  front 
and  top  of  tha  ravataart  raipactl valy. 

Figure  lb.  SSRT-II  gage  mounting  plate  (36  by 
42  In2)  and  explosive  locations  for 
Tests  3,  4,  and  5;  mock  structure  at 
scaled  15  ft. 

The  alrblast  environment  behind  and  In  front 
of  the  revetment  and  the  revetment-mock  structure 
shock  Interaction  were  measured  using  Kullte  pres¬ 
sure  transducers.  To  monitor  planarity  of  the 
shock  front  and  vertical  pressure  gradient,  some 
pressure  transducers  were  mounted  on  risers  at  two 
elevations,  H  and  H/2  (Fig.  lb),  where  H  is  the 
revetment  height. 

The  principles  and  analysis  of  the  test  data 
are  outlined  In  Section  II;  conclusions  are 
presented  In  Section  III. 

II.  TEST  RESULTS 


Figure  2.  Pressure  versus  distance. 

comparing  the  free-fleld  measurements  (circles) 
to  measurements  behind  the  revetment  (squares  and 
triangles).  Immediately  behind  the  revetment  a 
nearly  2  lb/1n2  pressure  drop  Is  seen.  It  is 
Important  to  observe  that  farther  behind  the  revet¬ 
ment  (at  a  distance  approximately  equal  to  4  to 
5  revetment  heights)  the  peak  side-on  overpressure 
tends  to  recover  and  approach  Its  free-fleld  value. 
This  phenomenon  Is  demonstrated  by  the  response  of 
the  gages  farthest  behind  the  revetment  and  shown 
as  *  symbols  In  Figure  2.  It  Is  Interesting  that 
the  free-fleld  pressure  measurements  reach 
3.5  lb/1n2  at  a  range  approximately  equal  to  K-18, 
thus  correlating  with  the  current  design  manual 
(Ref.  1). 


The  first  test  series  established  the  lower 
bound  for  K- factor.  The  results  of  the  first  test 
series  showed  that  a  K-factor  larger  than  13  Is 
required  to  achieve  a  3.5-lb/1n2  overpressure 
behind  the  revetnment.  The  thrust  of  the  second 
small  test  series  was  to  determine  the  minimum  K- 
factor  that  would  not  exceed  the  desired  peak  over¬ 
pressure  environment  behind  the  revetment. 

1.  Analysis  of  the  data  demonstrated  that  a 
revetment  could  effectively  reduce  the  peak  side- 
on  overpressure  and  lower  the  required  K-factor. 
A  quantitative  measurement  of  the  revetment 
effects  In  reducing  the  peak  side-on  overpressure 
versus  scaled  distance  (K)  Is  Illustrated  in 
Figure  2.  This  reduction  In  overpressure  at  a 
particular  range  due  to  a  revetment  Is  shown  by 


2.  The  alrblast  load  on  the  mock  structure 
at  scaled  distances  of  4  and  15  ft  behind  the 
revetment  was  monitored.  Investigation  of  the 
pressure  history  records  of  the  mock  structure 
revealed  a  great  deal  of  shock  Interaction  occurr¬ 
ing  between  revetment  and  mock  structure  (Fig.  3). 
A  summary  of  free-fleld  measurements  and  the  mock 
structure  loading  with  the  corresponding  K-factors 
Is  given  In  Table  1.  Note  that  there  Is  a  decrease 
In  the  free  field  overpressure  (gages  1,  3  through 
5,  9  through  10)  with  Increasing  range  In  both 
tests.  Also  note  that  gage  7  located  on  the  front 
face  of  the  mock  structure  recorded  a  reflected 
pressure  over  twice  the  Incident  overpressure. 

The  strong  shock  interactions  observed  between 
the  mock  structure  and  revetment  suggest  that  the 
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TABLE  1.  MOCK  STRUCTURE  AND  FREE-FIELD  BLAST  ENVIRONMENT 


Test  No.  1 

Test  No.  2 

Gage 

Elevation, 

K.w 

P,  , 

„  I, 

K, 

P. 

I, 

No. 

In 

ft/lb1/J 

lb/ln2 

lb/1n2-s  x  10-3 

ft/lb1'3 

lb/ln2 

1b/1n2-s  x  10-3 

1 

0.0 

16.20 

4.20 

3.54 

12.2 

6.56 

4.56 

3 

0.0 

17.50 

3.68 

3.63 

13.5 

5.07 

4.17 

4 

3.0 

18.0 

3.0 

3.80 

14.0 

5.52 

3.94 

5 

0.0 

18.0 

3.5 

3.20 

14.0 

4.95 

3.83 

a6 

6.7 

18.0 

2.8 

0.5 

— 

— 

— 

b? 

2.5 

13.0 

7.54 

■3.0 

14.0 

11.50 

3.25 

8 

5.0 

18.25 

3.4 

0.95 

14.25 

5,20 

1.27 

9 

6.0 

18.5 

3.5 

2.98 

14.50 

5.20 

3.68 

10 

c 

0.0 

19 

15.0 

4.69 

3.29 

aDynam1c  pressure  measurement. 

Reflected  pressure  measurement. 

cNa  revetment  used  In  Test  1  and  2.  Gage  locations  11  and  12  not  used  (Fig.  lb). 


Tin*,  ms 

(a)  Scaled  4-ft  spacing. 


(b)  Scaled  15-ft  spacing. 


Flguie  3.  Revetment/Structure  shock  Interaction  at 
scaled  4-ft  and  15-ft  soaclng. 


Incident  peak  overpressure  criteria  alone  may  not 
be  sufficient  to  fully  determine  the  total  load  on 
a  structure  or  to  ensure  its  survivability.  These 
Interactions,  l.e.,  multiple  reflections  and  dif¬ 
fractions,  effectively  contribute  to  the  total  load 
on  the  structure  and  their  Impact  should  be  consid¬ 
ered  In  the  criteria  for  selecting  a  viable 
K-f actor.  Criteria  based  on  other  parameters  such 
as  blast  pressure  waveforms  and  Impulse  functions 
should  be  considered.  Note  that  there  exists  an 
enhancing  effact  caused  by  multiple  reflection  of 
the  shock  batween  mock  structure  and  revetment 
which  greatly  Influences  the  loading  definition  on 
the  structure. 

3.  A  pressure  decrease  with  elevation  was 
detected.  However,  this  gradient  was  less  than 
10  percent. 


4,  In  general  a  comparative  analysis  of  the 
pressure  traces  demonstrated  the  reproducibility  of 
the  free  and  perturbed  alrblast  environment  ahead 
and  behind  the  revetment.  The  pressure  records 
provided  by  transducers  positioned  at  various  loca¬ 
tions  relative  to  the  revetment  were  Investigated 
and  compared  with  theoretical  prediction.  As  pre¬ 
dicted  by  theory  (Ref.  2),  for  a  low  overpressure 
region,  the  gages  ahead  of  the  revetment  recorded 
consistently  the  same  normal  peak  reflected  pres¬ 
sure  as  the  Incident  overpressure  (Fig.  4).  The 
pressure  measurement  provided  by  the  gages  mounted 
on  the  risers  displayed  a  double  peak  pulse 
Indicative  of  the  reflection  waves  from  the  flat 
base  plate  (Fig.  5).  The  flush  mounted  gages 
located  Immediately  behind  the  revetment  showed 
flat  top  traces  attesting  to  the  diffraction  of  the 
blast  wave  around  the  revetment  (Fig.  6).  The 
Initial  broadening  of  the  pressure  pulse  due  to 
vortfclty  effects  behind  the  blast  wave  (Ref.  3)  on 
top  of  the  revetment  1$  compared  with  the  free- 
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(b)  SSRT-II-3 

Figure  4.  Incident  overpressure  followed  by 
reflection  from  revetment. 


(a)  Reflected  pressure  from  base  plate,  SSRT-II-4, 


0.0016  S 


(b)  Reflected  pressure  from  base  plate,  SSRT-II-5, 
No.  4. 


Figure  5.  Reflected  pressure  provided  by  gages 
mounted  on  risers. 


field  pressure  environment  (Fig.  7).  Qualitative 
comparison  of  the  two  records  shows  that,  for 
nearly  Identical  Incident  peak  overpressures,  the 
Impulse  related  to  the  pressure  pulse  on  top  of  the 
revetment  peaks  much  sooner,  due  to  the  vortlclty 
modified  pressure  pulse  shape.  The  measured 
dynamic  pressure  showed  that  at  low  overpressure 
the  peak  dynamic  pressure,  at  best,  has  the  same 
magnitude  as  peak  static  overpressure  (Fig.  8). 
This  behavior  Is  in  accordance  with  the  findings 
outlined  In  Reference  4. 


CONCLUSIONS 


Analysis  of  the  data  demonstrated  that  revet¬ 
ments  are  effective  In  reducing  distances  while 
maintaining  a  desired  peak  3.5-lb/1n2  overpressure. 
Depending  on  location  of  the  structure  behind  the 
revetment,  the  current  K-18  can  be  reduced  to  a 
value  between  13. 5  and  16.  It  is  concluded  that 
load  definitions  based  on  peak  overpressure  are  not 
a  sufficient  criteria;  for  accurate  definitions  of 
load  other  alrblast  parameters  such  as  Impulse  and 
reflected  pressure  should  be  considered  as  well. 


(a)  Free  field  blast  environment  behind  the  revet 
ment,  SSRT-II-4,  No,  3. 


(b)  Free  field  blast  environment  behind  the  revet¬ 
ment,  SSRT-II-5,  No.  3. 


Figure  6.  Free  field  pressure  environment  behind 
the  revetment. 
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ABSTRACT 

A  variety  of  roof  retrofit  cover  concepts  were  de¬ 
veloped  and  tested  as  a  means  of  preventing  person¬ 
nel  using  explosives  from  gaining  access  to  ammuni¬ 
tion  storage  igloos.  Four  passive  cover  concepts, 
which  were  used  in  conjunction  with  the  existing 
cover  over  the  roof  of  the  igloo,  consisted  primar¬ 
ily  of!  (1)  3-ft-thick  concrete,  (2)  rock  rubble, 
(3)  2-ft-thlck  concrete,  end  (4)  additional  soil. 

A  single  active  cover  concept  consisted  of  a  foam¬ 
ing  liquid  designed  to  fill  the  crater  that  re¬ 
sulted  from  "first  shot"  detonations.  Seventeen 
explosives  tests  were  conducted  using  shaped  and 
platter  charges  with  up  to  40  lb  of  explosives. 

For  each  test,  pressure  measurements  were  recorded 
inside  and  outside  the  igloo,  along  with  accelera¬ 
tions  of  the  igloo's  floor  slab.  A  high-speed 
movie  camera,  focused  on  the  Inside  of  the  igloo, 
recorded  all  roof  perforations.  All  retrofit 
covers  proved  adequate  in  denying  personnel  access 
through  the  roof  of  the  igloo.  Sympathetic  detona¬ 
tion  Inside  the  igloo  due  to  fragment  mass  and 
velocity  is  more  likely  with  he  soil  cover.  It 
is  less  likely  with  the  3-ft-thick  concrete  cover. 

INTRODUCTION 

Background 

Current  ammunition  storage  igloos  offer  lim¬ 
ited  protection  against  forcible  penetration  with 
various  tools  and  explosives.  As  part  of  a  program 
to  upgrade  the  igloos  against  forcible  entry,  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)  developed  and  tested  four  passive  roof  retro¬ 
fit  concepts  for  prototype  igloos  against  persons 
using  up  to  40  lb  of  explosives  in  the  form  of 
shaped  charges  and  platter  charges.  In  conjunction 
with  these  passive  concepts,  the  U.  S.  Army  Con¬ 
struction  Engineering  Research  Laboratory  (CERL) 
designed  and  tested  an  active  delay  system  that 
consisted  of  filling  craters  formed  from  "first 
shot"  charges  with  foam,  thus  denying  early  em¬ 
placement  of  "second  shot"  charges  close  to  the 
roof  surface. 

Preliminary  tests  were  conducted  on  existing 
reinforced  concrete  elements  at  Fort  Polk,  La.,  and 
Camp  Shelby,  Miss.  Results  of  these  tests  were 
used  to  design  four  cover  concepts  that  were  con¬ 
structed  and  tested  on  a  prototype  igloo  at  the 
Sierra  Army  Depot  (SIAD)  in  Her long,  Calif. 

Objectives 

The  primary  objective  of  this  investigation 


was  to  develop  and  test  the  effectiveness  of  pas¬ 
sive  and  active  retrofit  cover  concepts  in  prevent¬ 
ing  personnel  (using  up  to  40  lb  of  explosives) 
from  snterlng  an  ammunition  storage  igloo  through 
the  roof.  Secondary  objectives  included  obtaining 
pressure,  acceleration,  and  fragmentation  data  for 
comparison  against  criteria  for  sympathetic 
detonations. 

Design  Assumptions  and  Charge  Threats 

It  was  assumed  Chat  a  terrorist  team  would  at¬ 
tempt  a  surgical  entry  versus  a  structural  breach¬ 
ing  or  collapse  of  the  igloo.  Also,  it  was  assumed 
that  the  cover  designs  would  prevent  the  attack 
team  from  digging  and  placing  the  explosive  charge 
close  to  the  roof  of  the  igloo.  Primary  materials 
considered  in  the  design  of  the  passive  retrofit 
covers  Included  (1)  added  soil  cover,  (2)  concrete, 
(3)  rock  rubble,  and  (4)  gravel. 

The  primary  explosive  threats  considered  in 
the  design  of  the  retrofit  covers  consisted  of  an 
M3  40-ib  shaped  charge  and  a  40- lb  platter  charge. 
Pertinent  Information  on  the  M3  40-lb  shaped  charge 
is  presented  in  Table  1.  The  platter  charge  con¬ 
sisted  of  40  lb  of  C-4  that  was  placed  on  one  side 
of  a  circular  steel  flyer  plate. 

TEST  PROCEDURES 

Test  Structure 

Design  and  construction  of  modifications  to 
an  existing  damaged  igloo  (Fig.  1)  at  tha  SIAD  in 
Herlong,  Calif.,  were  accomplished  by  the  U.  S. 

Army  Corps  of  Engineers  District  at  Sacramento, 
Calif.,  during  the  period  10  March  through  10  Au¬ 
gust  1983.  These  modifications  included:  (1)  re¬ 
pairing  three  existing  holes  in  the  roof,  (2)  re¬ 
pairing  cracks  in  the  arch,  (3)  adding  four  roof 
retrofit  covers,  and  (4)  constructing  Internal 
bracing  to  support  the  added  weight  of  the  retro¬ 
fit  covers.  The  front  headwall  of  this  igloo,  al¬ 
most  entirely  removed  from  past  damage,  was  not 
Included  in  the  modification.  However,  the  re¬ 
maining  headwall  was  completely  removed  for  test 
purposes . 

The  existing  igloo  is  a  lightly  reinforced 
concrete  arch  (Fig.  2)  that  is  81  ft  long.  Prin¬ 
cipal  reinforcing  steel  of  the  arch  consists  only 
of  0.5-ln-dlom  steel  rods  that  are  spaced  on  12-in 
centers.  The  concrete  thickness  of  the  arch  varies 
from  16  in  at  the  base  to  6  in  at  the  crown. 
Therefore,  tha  percentage  of  principal  reinforce¬ 
ment  varies  from  approximately  0.10  percent  at  the 
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baa*  to  0.27  percent  at  tha  crown  of  tha  arch. 


Basad  on  the  preliminary  taata  at  Fort  Polk, 
La.,  and  Camp  Shelby,  Mias.,  four  passive  retro¬ 
fit  cover  sections  wars  constructed  over  tha  root 
of  tha  Igloo.  To  support  tha  added  Might  of  tha 
retrofit  covers,  the  lightly  reinforced  concrete 
arch  was  supported  with  Internal  bracing.  A  cross- 
sactlon  of  each  cover  along  with  the  Internal  brac¬ 
ing  la  shown  In  Fig.  3.  The  four  cover  sections 
consisted  mainly  of  (1)  3  ft  of  concrete,  (2)  3  ft 
of  rock  rubble,  (3)  2  ft  of  concrete,  and  (4)  2.3  ft 
of  soil.  For  testing  the  CEKL's  active  foaming 
system,  1-ln-dlam  PVC  pipes  spaced  on  12-ln  centers 
were  embedded  In  the  3-ft  concrete  and  rock  rubble 
sections.  Fig.  4  shows  the  four  constructed  retro¬ 
fit  covers.  Plywood  forma  used  for  concrete  place¬ 
ment  In  the  first  and  third  cover  sections  ware 
left  In  position  for  the  tests  to  prevent  the  soli 
overburden  from  sloughing.  As  another  means  of 
preventing  sloughing,  boards  were  placed  on  the 
side  slopes  at  the  terminated  ends  of  the  rock 
rubble  and  sand  cover  sections. 


Test  Shots  and  Locations 

Test  shot  locations  are  shown  In  Fig.  5.  The 
first  teat  shot  at  each  location  Is  numbered  from 
one  to  nine.  The  second  test  shot  at  the  same 
location  as  tha  first  Is  designated  with  tha  letter 
"A".  Two  "first  shots"  and  one  "second  shot"  were 
conducted  on  the  3-ft  concrete  section;  three  first 
shots  and  three  second  shots  on  the  rock  rubble 
section;  two  first  shots  and  two  second  shots  on 
the  2-ft  concrete  section;  and  two  first  shots  and 
two  second  shots  on  the  sand  section.  All  first 
shots  were  either  40-lb  shaped  charges  or  40-lb 
platter  charges.  All  40- lb  shaped  charges  were 
Identical  to  those  whose  characteristics  were  pre¬ 
viously  defined  In  Table  1,  All  40-lb  platter 
charges  consisted  of  40  lb  of  C-4  that  was  placed 
on  one  side  of  a  0.5-ln-thick  steel  plate  with  a 
diameter  of  19  In.  All  second  shots  were  planned 
to  be  only  20-lb  platter  charges  (20  lb  of  C-4 
placed  on  one  side  of  a  0. 25-in-thick  steel  plate 
with  a  diameter  of  19  in).  However,  after  Test  5A, 
It  was  concluded  that  these  charges  were  having  no 
effect  in  perforating  the  retrofit  covers.  There¬ 
fore,  40-ib  platter  charges  were  used  for  Tests  6A, 
7A,  and  8A.  For  Test  9A,  the  last  shot,  a  20-lb 
platter  charge  was  used. 


CERL'a  Foaming  Operation 

CERL  personnel  foamed  the  craters  formed  by 
Test  Shots  2,  3,  and  4  prior  to  Test  Shots  2A,  3A, 
and  4A,  respectively.  This  procedure  entailed 
attaching  an  adapter  to  the  end  of  a  pipe  that  had 
been  broken  from  the  first  shot  detonation  and  re¬ 
sulting  cratering  action.  Two  hoses  were  connected 
to  the  adapter.  The  other  ends  of  the  hoses  were 
connected  to  two  pressurised  tanks  containing  the 
foaming  liquid.  The  tanks  were  located  on  a  truck 
at  the  base  of  the  Igloo.  A  valve  was  turned  on 
and  the  liquid  foam  from  the  tanks  passed  through 
the  hoseo  and  out  the  broken  pipe  Into  the  crater. 
The  liquid  began  to  foam,  filling  the  crater  and 
hardening.  The  amount  of  time  required  for  the 
foam  to  harden  Is  determined  by  the  exact  mixture 
of  the  foaming  liquid. 


Placement  of  Test  Charges 

Prior  to  each  test  shot,  an  explosive  ordnance 
team  (B0T)  from  First  Special  Operations  Command  of 
Fort  Bragg,  N.  C.  placed  each  test  charge  at  each 
test  location.  Each  shaped  charge  was  placed  in 
the  standard-isaued  metal  tripod  that  provided  a 
15-in  standoff  distance.  With  the  exception  of 
Teats  2A  and  4A,  all  plattar  charges  were  placed 
on  a  wood  stand  that  provided  a  2-ft  standoff  dis¬ 
tance.  Since  each  charge  was  placed  on  the  side 
slope  of  tha  retrofit  covers  Instead  of  the  crown, 
care  was  taken  to  align  the  charge  perpendicular 
to  the  roof  of  tha  arch.  Prior  to  Test  2A,  after 
foaming  the  crater  formed  from  Test  2,  the  EOT 
shoveled  off  the  foam  within  2  feet  of  the  bottom 
of  the  crater  and  placed  the  platter  for  Test  2A 
directly  on  the  foam.  For  Test  3A,  the  foam  was 
shoveled  out  of  the  way  and  the  wood  stand  with  the 
20-lb  plattar  was  placed  in  the  crater  that  had  re¬ 
sulted  from  Test  3.  The  same  procedure  was  used 
for  removing  tha  foam  prior  to  Test  4A.  However, 
this  time  the  foam  was  removed  to  the  level  of  the 
original  retrofit  cover  and  the  20-lb  platter 
placed  directly  on  the  foam.  All  other  second  teat 
shot  platters  were  placed  on  the  wood  stand  In  the 
craters  resulting  from  the  first  shots. 


Damage  Survey 

Measurements  of  the  crater  In  the  retrofit 
covers,  measurements  of  the  perforated  holes  In  the 
root  of  the  Igloo,  still  photographs,  and  a  visual 
Inspection  were  made  following  each  test  shot  to 
assess  damage. 


Electronic  Transducer  Measurements 

Five  channels  of  data  were  obtained  from  elec¬ 
tronic  instrumentation  for  each  test  shot.  Two 
channels  recorded  the  pressure  inside  and  outside 
the  Igloo.  Three  channels  recorded  the  vertical, 
longitudinal,  and  transverse  accelerations  of  the 
Igloo's  floor  slab.  The  outside  pressure  gage  was 
located  on  the  centerline  of  the  igloo’s  apron  2  ft 
outside  the  open  end.  The  pressure  gage  inside  the 
Igloo  was  placed  on  the  igloo's  floor.  It  was 
transversely  located  In  line  with  each  test  shot 
location  (6  ft  from  the  Igloo's  centerline).  For 
test  shots  1-2A,  3-4A,  5-5A,  6-7A,  and  8-9A,  the 
inside  pressure  gage  was  located  longitudinally 
from  the  outside  pressure  gage  at  distances  of  67, 
72,  63,  47,  and  24.5  ft,  respectively.  The  accel¬ 
erometers  were  located  on  the  centerline  of  the 
Igloo's  floor  slab  at  the  same  longitudinal  dis¬ 
tances  from  the  open  end  as  the  teet  shots. 


Particle  Site  and  Velocity  Measurements 

A  measurement  was  made  of  the  particle  sixes 
and  velocities  of  fragments  that  perforated  the 
roof  Inside  the  Igloo  for  each  test  shot.  These 
measurements  were  recorded  by  a  high-speed  movie 
camera  (1,000  frames  per  second)  positioned  165  ft 
In  front  of  the  Igloo  focused  on  the  front  post 
(Fig.  6)  and  endwall  (Fig.  7)  Inside  the  Igloo. 

The  post  and  endwall  were  painted  white  with  black 
stripes  spaced  on  2-ft  centers. 


RESULTS  AND  DISCUSSION 


Damage  Survey 

Results  of  the  ddhage  survey  revealed  that  all 
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retrofit  cover*  were  adequate  in  denying  personnel 
accees  to  the  interior  of  the  igloo.  Only  "first 
sho*'"  40-lb  shaped  charges  were  successful  in  per¬ 
forating  the  roof  of  the  igloo.  This  occurred  for 
all  cover  sections  with  the  exception  of  the  3-ft- 
thlck  concrete  section.  The  perforated  holes  were 
airnlL* with  diameters  that  ranged  from  4.5  to  6  in. 

Electronic  Transducer  Measurements 

As  would  be  expected,  peak  recorded  pressures 
inside  and  outside  the  igloo  occurred  with  the 
largest  charges,  l.e.,  40-lb  platter  and  shaped 
charges.  Peak  pressure  measurements  of  "first 
shot"  tests  using  these  charges  are  shown  in 
Table  2.  The  table  also  gives  the  time  of  arrival 
of  the  pressure  wave  at  each  gage  location.  As 
shown  in  this  table,  peak  pressures  inside  the 
igloo  range  from  0.2  to  2.25  psl.  Also,  peak  pres¬ 
sures  outside  the  igloo  range  from  0.47  to  6.5  psl. 
Pressures  Inside  and  outside  the  igloo  increase  as 
the  charge  locations  are  moved  closer  to  the  open 
end  of  the  igloo,  the  location  of  the  outside  pres¬ 
sure  gage.  With  the  exception  of  Test  9,  there  was 
no  measurable  pressure  Inside  the  igloo  that  was 
induced  through  the  igloo's  roof.  This  is  evident 
in  Table  2  when  a  comparison  is  made  between  the 
arrival  times  of  the  pressure  wave  inside  and  out¬ 
side  the  igloo.  For  each  test,  with  the  exception 
of  Test  9,  the  pressure  wave  arrives  at  the  outside 
gage  location  before  it  arrives  at  the  inside  gage 
location.  Thus,  the  peak  pressure  Inside  the  igloo 
results  from  the  pressure  wave  that  enters  the  open 
end  of  the  igloo.  A  comparison  of  the  pressure¬ 
time  histories  for  Test  9  inside  and  outside  the 
igloo  (Fig.  8)  shows  that  the  arrival  time  of  the 
first  pressure  wave  at  both  locations  occurs  at 
10  ms.  The  first  peak  pressure  spike  of  2  psl  in¬ 
side  the  igloo  is  associated  with  the  pressure  that 
is  induced  through  the  perforated  hole  in  the  roof. 
The  second  pressure  spike  of  2.25  psl  is  associated 
with  that  pressure  wave  that  enters  the  open  end  of 
the  igloo.  The  pressure  Induced  through  the  roof 
is  consistent  with  the  observation  made  with  the 
high-speed  movie  camera  that  was  focused  on  ;the  in¬ 
side  of  the  igloo.  The  camera  observed  the  Jet 
from  the  shaped  charge  entering  the  igloo  through 
the  perforated  hole  in  the  roof.  This  jet  was  not 
observed  with  the  camera  for  any  other  test. 

The  low  level  response  of  the  floor  slab  that 
was  indicated  by  the  recorded  acceleration  time 
hietories  is  consistent  with  the  observation  of  no 
damage  to  the  igloo  as  a  result  of  structural  mo¬ 
tion.  It  should  be  noted  that  the  measured  re¬ 
sponse  would  he  different  for  an  igloo  that  con¬ 
tained  no  Internal  bracing  and  whose  endwall  was 


not  missing.  It  is  believed  that  the  response  of 
the  test  igloo  with  thess  differences  la  higher 
than  it  would  be  without  them. 

Particle  Site  and  Velocity  Measurements 

The  individual  mass  of  particles  (fragments) 
and  thslr  corresponding  velocities  were  undetect¬ 
able  with  the  high-speed  movie  camera  focused  on 
the  inside  of  the  igloo.  The  camera  did  show  that 
only  the  shaped  charge  detonations  of  Tests  4,  5, 

7,  and  9  would  Induce  fragments  Inside  the  igloo 
that  would  be  of  concern  to  sympathetic  detona¬ 
tions.  With  the  exception  of  Test  9,  the  camera 
recorded  a  dark  mass  of  debris  that  entered  the 
perforated  holes  in  the  Igloo's  roof  and  impacted 
the  flour  slab.  For  Test  9,  the  jet  from  the 
shaped  charge  entered  the  inside  of  the  igloo 
through  the  perforated  hole  in  its  roof. 

Average  velocities  of  the  mass  of  debrlB  in¬ 
side  the  igloo  resulting  from  Tests  4,  5,  and  7 
were  calculated  to  be  494,  517,  and  242  ft/s,  re¬ 
spectively.  The  average  velocity  of  the  jet  from 
Test  9  was  calculated  to  be  2,282  ft/s. 

CONCLUSIONS 

The  following  conclusions  were  obtained  from 
the  test  results. 

1.  All  retrofit  cover  deolgns  were  proved 
adequate  in  denying  access  through  the  roof  of  the 
igloo  to  personnel  using  "first  shot"  and  "second 
shot"  40- lb  shaped  and  platter  charges. 

2.  All  retrofit  covers,  with  the  exception  of 
the  3-ft-thiek  concrete  cover,  permitted  perfora¬ 
tion  of  the  Igloo's  roof.  The  perforated  holes 
range  in  diameter  from  only  4.5  to  6  in. 

3.  All  retrofit  covers,  with  the  exception  of 
the  soil  cover,  prevented  pressure  from  being  in¬ 
duced  through  the  roof  of  the  Igloo. 

4.  The  applied  dynamic  loads  resulted  in  no 
damage  to  the  igloo,  other  than  perforated  holes  in 
the  roof. 

5.  Sympathetic  detonation  Inside  the  igloo 
due  to  fragment  mass  and  velocity  is  more  likely 
with  the  soil  cover.  It  is  less  likely  with  the 
3-ft-thick  concrete  cover. 

6.  Test  results  provided  pressure  and  accel¬ 
eration  data  that  can  be  used  for  comparison 
against  criteria  for  sympathetic  detonations. 


Table  L.  Characteristics  of  the  H3  shaped  charges 


_ Cone  Liner 

Total  Explosive  Type  Charge  Charge  Outer 

Weight  Weight  of  Diameter  Height  Container  Thickness  Angle  Diameter 

Explosive  In  In  Material  Material 


B  9.5  15.5  Sheet  Metal 


Table  2.  Peak  pressure  measurements 


Retrofit  Cover 
Section 

3  ft  Concrete 

Rock  Rubble 

40- lb  40- lb  40-lb  < 

Test  Charge 

Platter  Shaped 

Platter 

Shaped 


Test  No.  Location 


Peak  pressure, 
psl 

0.25 

0.63 

0.20 

0.47 

0.30 

0.78 

0.23 

0.62 

0.31  0.8 

Pressure  wave 
arrival  time, 
ms 

110 

62 

110 

50 

100 

50 

100 

48 

80  42 

Retrofit  Cover 
Section 

2  ft 

Concrete 

2.5  ft  Soli 

Test  Clin  roe 


Test  No.  Locatiou 


Peak  pressure, 
psl 

Pressure  wave 
arrival  time 


40-lb  Shaped 


I's  denote  Inside:  Os  denote  outside 


40-lb  Platter 


8-1  8 


1.3 

1.20 

8 

28 

40-lb  Shaped 


~0 


Existing  Damaged  Igloo 


Cross  Section  of  Existing  Igloo 


ffl 


3-FT  CONCRETE 


3-FT  ROCK  RUBBLE 


MODEL  TESTS  ON  COMPOSITE  SUBS  OF  LIGHT  GAUGE  METAL 
SHEET  AMD  CONCRETE  SUBJECTED  TO  BLAST  LOADING 


Peter  Balers 
and 

Bengt  Vretblad 

FortF  -  Swedish  Fortifications 
Research  Department 
Eskilstuna,  Sweden 


Model  tests  have  been  carried  out  at  the 
Research  Department  of  the  FortF  -  Swedish 
Fortifications  on  composite  slabs  of  light  gauge 
metal  sheet  and  concrete,  using  welded  studs  as 
shear  connectors.  Tests  were  also  carried  out  on 
corresponding  conventionally  reinforced  concrete 
slabs.  Slabs  were  subjected  to  blast  load  and  - 
as  a  reference  -  to  static  load.  The  results  to 
date  are  given  in  the  report.  They  indicate  that 
composite  action  between  sheet  metal  and 
concrete  is  possible  in  slabs  subjected  not  only 
to  static,  but  also  to  dynamic  loading. 


replaced  by  a  thicker  sheet  with  welded  headed 
bolts  (studs)  has  been  carried  out.  The  results 
from  this  investigation  show  that  the  composite 
structure  is  economically  advantageous  when  com¬ 
pared  with  a  conventionally  designed  structure. 

Model  tests  of  composite  slabs  of  light  gauge 
sheet  metal  and  concrete  have  been  carried  out 
in  accordance  with  the  objectives  of  the  re¬ 
search  program.  The  aim  of  the  investigation  is 
to 

experimentally  investigate  the  possibilities 
of  using  composite  structures  of  concrete 
and  sheet  metal  with  welded  studs  during 
blast  loading 


The  main  interest  of  the  research  program 
concerning  composite  structures  subjected  to 
dynamic  loading  presently  in  progress  at  the 
Research  Department  of  the  FortF  -  Swedish 
Fortifications  has  been  concentrated  on  the 
composite  action  of  concrete  in  conjunction  with 
other  materials.  The  use  of  composite  structures 
in  the  field  of  fortifications  is  of  great 
interest  in  two  areas  especially,  that  is  to  say 
in  the  strengthening  of  existing  hardened 
structures  and  in  the  construction  of  new 
structures  that  are  to  withstand 
electro-magnetic  pulse  (EHP). 

When  strengthening  existing  structures  through  - 
for  example  -  the  addition  of  in-situ  concrete 
onto  the  original  concrete  structure,  the  compo¬ 
site  action  of  the  two  materials  will  determine 
the  strength  of  the  structure.  The  shear  connec¬ 
ting  devices  are  of  major  importance  in  compo¬ 
site  action.  Theoretical  and  experimental 
investigations  of  shear  connectors  and  inter¬ 
faces  subjected  to  dynamic  loading  is  at  present 
being  conducted  at  the  FortF.  The  results  of  the 
investigations  are  to  be  published  at  a  later 
date. 

One  of  the  conditions  that  several  hardened 
structures  must  fulfill,  is  that  they  should  - 
besides  withstanding  blast  loads  -  be  fitted 
with  a  complete  BMP  protection.  This  moans  that 
the  structure  must  be  encased  with  metal.  The 
question  is:  is  it  possible  to  use  the  same 
sheet  also  in  a  loadbearing  capacity?  A  prelimi¬ 
nary  investigation  on  whether  or  not  convention¬ 
al  reinforcement  and  lightgauge  sheet  may  be 


study  the  relationship  between  load  and  de¬ 
formation,  and  the  ultimate  load  behaviour 
of  longitudinal  slab  sections  (simply 
supported  and  restrained)  during  both  blast 
and  static  loading,  and  compare  composite 
slabs  and  conventionally  reinforced  concrete 
slabs. 


2.1  Test  specimens 

In  all,  four  slabs  were  manufactured;  two  compo¬ 
site  slabs  (SI  and  S2)  and  two  conventionally 
reinforced  concrete  slabs  (At  and  A2) .  Four 
frames  were  made,  three  of  which  were  of  compo¬ 
site  construction  (S3,  S4  and  SS)  and  one  of 
conventional  reinforced  concrete  (A3).  Their 
appearance  and  dimensions  are  shown  in  FIG  1. 

Steel  sheet  of  nominal  thickness  1.5  am  was  used 
in  all  test  specimens  SI  -  S5,  with  25  mm  studs 
of  type  N4.  The  choice  of  sheet  thickness  and 
stud  dimension  was  determined  partly  on  the 
basis  of  practical  aspects,  and  partly  on  the 
request  that  the  ratio  of  stud  diameter  to  sheet 
thickness  be  in  the  order  of  2.S. 

The  number  of  studs  in  slabs  SI  and  S2  was 
determined  so  that  the  total  anchoring  force, 
that  is  to  say  the  number  of  studs  multiplied  by 
the  design  value  for  a  stud  (according  to  the 
Swedish  Code  for  Light  Gauge  Metal  Structures) 
be  equal  the  tension  forces  in  the  sheet  at 
yield.  In  order  to  withstand  the  effect  of 
suction  from  the  blast,  the  slabs  were  further 
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reinforced  with  primary  hogping  reinforceaent  5 
•  6  mi  end  I  *  (  u  croeabers. 

« 

The  alebs  A1  end  A2  were  for  reference  purpose*, 
which  ie  why  they  were  aenufactured  with  conven¬ 
tional  reinforceaent  only.  Priaery  end  crossber 
reinforceaent  consisted  of  6  e  8  aa  (ribbed  bar, 
yield  stress  400  MPa)  end  9  %  6  aa  respective¬ 
ly.  The  reaaining  reinforceaent  (hogging)  was 
the  seat  as  that  in  slabs  SI  and  S2. 

The  nuaber  of  studs  ic  fraaes  S3,  S4  and  35  was 
deterained  on  the  basis  of  the  total  anchor 
force  -  based  on  the  design  value  of  the  studs  - 
being  coapatible  to  the  force  in  the  sheet  due 
to  a  aoaent  which  was  equal  to  the  yield  aoaent 
at  aidspan  in  the  conventionally  reinforced 
slab.  In  order  to  achieve  rigid  restraint  of  the 
slab  froa  the  vertical  part,  the  corner  of  the 
fraae  was  reinforced  with  £  a  8  aa  (ribbed  bar, 
400  MPa) .  All  crossbar  reinforceaent  was  a  £  an, 
the  nuaber  given  in  PIC  1. 

The  conventionally  reinforced  fraae,  A3,  was 
reinforced  with  7  a  8  aa  (ribbed  bar,  400  MPa) 
as  sagging  reinforceaent  In  the  slab,  all  other 
reinforceaent  being  identical  to  that  of  fraaes 
S3  -  S5. 

2.2  Loading 

The  tests  were  carried  out  in  two  series.  The 
slabs  were  tested  in  test  series  no.  1,  and  the 
fraaes  in  test  series  no.  2,  see  PIG  2. 

Slabs  A1  and  SI  were  tested  in  test  series  no.  1 
with  static  loading  only  in  the  fora  of  four 
knife-edge  loads  placed  as  shown  in  PIG  2  or  one 
central  knife-edge  load  (SI  only).  Slabs  A2  and 
S2  were  tested  in  a  shcck  tube  where  they  were 
subjected  to  a  blast  load.  The  general  shape  of 
the  pressure-tiae  relationship  of  the  load  is 
shown  in  FIG  7. 

Fraae  S4  in  test  series  no.  2  was  tested,  as  was 
speciaen  82,  with  a  static  load  with  four 
respectively  one  knife-edges.  Fraaes  A3,  S3  and 
S5  were  subjected  to  blast  loading.  The  blast 
was  *side-on*  that  is  of  the  type  shown  in  PIG  9 
that  passes  over  the  top  side  of  the  fraae. 

The  speciaena  subjected  to  static  testing  were 
loaded  with  a  hydraulic  jack  (through  a  system 
of  linked  beans  that  transferred  the  load  into 
four  knife-edge  loads)  where  the  load  was  aeasu- 
red  by  naans  of  a  load-cell.  The  detonations 
(deflections)  were  aeasured  partly  electronic¬ 
ally  and  partly  through  Mechanical  deflection 
gauges.  Strain  Measurement  were  recorded  for  the 
reinforceaent  and  for  the  sheet. 

3,.  Itit  myUi  «nd  »Y8*uattM 

3 . 1  Defamation 

PIGS  3-6  show  the  detonation  due  to  static 
leading  in  the  ton  of  load-deflection  curves, 
one  for  each  test.  In  all  cases  the  asxlmua 
deflection  is  shown,  that  is  to  say  the  detlec- ’ 


tion  of  the  centre  of  the  slab. 

PIG  3  shows  the  load-deflection  curve  for  slabs 
SI  and  A1  tor  the  sane  load  case.  PIO  4  shows 
the  detonation  of  these  slabs  when  subjected  to 
different  loading  cases,  which  is  why  the 
deflection  is  related  to  the  aid-span  aoaent. 

PIG  5  shows  the  load-deflection  curve  for  slab 
SI  again.  Besides  the  aeasured  deflection,  6, 
even  the  calculated  values  are  shown,  whereby 
coaplete  composite  action  was  assuaed  to  exist 
between  the  concrete  and  the  sheet  (constant 
El).  PIG  fi  shows  the  load-deflection  curve  for 
test  speciaen  S4,  where,  as  in  PIG  5,  even  the 
calculated  values  are  shown.  Besides  the  assuap- 
tioas  aade  in  PIG  5,  it  was  even  assuaed  that 
the  corner  reinforceaent  wts  of  ideal  elasto- 
plastic  Material  of  infinite  ductility.  These 
four  figures  show  that,  under  static  loading, 
the  expected  deaands  as  regards  deflection  of 
the  couposite  structure,  wero  fulfilled. 

FIGS  7-10  show  soae  of  the  results  froa  the 
blast  tests.  The  deforaation  curves  show,  in  all 
cases,  deflection  of  the  centre-line  of  the 
slabs  as  a  function  of  tine. 

FIGS  7,  b  and  c  show  the  aaxinuu  deflection 
before  decay  of  slabs  S2  and  A2  respectively 
during  the  loading  sequence  shown  in  FIG  7a.  It 
is  apparent,  as  is  also  the  case  during  static 
loading,  that  even  here  there  is  a  noticable 
difference  in  the  deflection  vs  tine  of  each 
slab.  The  naxiaua  deflection  of  slab  A2  is 
approximately  four  tines  gr enter  than  that  of 
slab  $2,  and  at  the  sane  tins  the  reaaining 
deforaation  of  A2  is  15  an  and  negligabla  in  S2. 

The  testing  of  slab  S2  was  repeated  with  in¬ 
creased  load  intensity,  see  FIG  8a.  It  was  not 
until  this  latter  load,  at  considerably  higher 
pressure  and  impulse  levels,  that  the  aaxiaua 
and  the  reaaining  deforaation  was  of  the  sane 
order  as  that  of  slab  A2.  Compare  FIGS  8b  end 
7c. 

Finally  PIG  9  and  10  show  the  deforaation  vs. 
tine  of  the  fraaes  during  the  load  sequence 
shown  in  PIG  9a  and  10a.  These  figures  show 
again,  as  in  the  previous  cases,  that  the  com¬ 
posite  structures  show  less  aaxiaua  and  less 
reaaining  deforaation  than  a  conventionally 
reinforced  test  specimen,  due  to  greater  stiff¬ 
ness  (in  this  particular  instance). 

3.2  Load  capacity 

For  a  shelter  structure  both  elastic  and  plastic 
behaviour  is  of  importance.  Ultimate  load  behav¬ 
iour  is  often  of  considerable  interest.  This 
test  series  has  resulted  in  ductile  as  well  as 
brittle  failures. 

The  shear  connectors  in  the  composite  slabs  St 
and  82  were  designed  so  that  composite  action 
between  the  concrete  and  the  sheet  existed  even 
when  yield  stresses  were  reached  in  the  sheet. 
Ductile  failure  was  obtained  under  both  the  sta¬ 
tic  and  the  dynaaic  loading  of  these  slabs.  The 


144 


IESL-SEECmaS 


appearance  of  the  slab*  after  bloat  loading  ia 
•bom  ia  f IQ  1 1 .  Tha  total  anchor  capacity  in  . 
tba  shear  connactozs  has,  during  tha  antira  ' 
loading  sequence,  baaa  gcaatar  than  tha  tha 
forca  in  tha  ahaata.  In  thia  way,  not  only  tha 
ultimata  load  but  even  tha  total  ultimata  da- 
flaction  of  tha  taat  specimen  hava  baan  determ- 
inad,  through  tha  strain  propartias  of  tha  shaat 
material . 

Frames  S3  and  S4  wars  dasignad  so  that  thair 
load  capacity  should  ba  aquivalant  to  that  of 
tha  conventionally  rainforcad  frame  S3.  In  this 
case  tha  shear  connector  must  exhibit  plastic 
behaviour  before  plastic  behaviour  is  possible 
in  the  sheet.  The  design  did  not  permit  move¬ 
ments  between  the  concrete  and  tha  sheet  to 
allow  for  plastic  behaviour  in  all  the  connect¬ 
ors,  however.  The  sheet  was  even  restrained 
through  spet -welding  to  embedded  angle  sections, 
which  contributed  to  tha  limiting  of  movement 
between  tha  concrete  and  tha  sheet.  The  total 
anchor  force  at  the  moment  of  failure  was  there¬ 
fore  greater  than  tha  sum  of  tha  forces  ia  the 
shear  connectors. 

When  failure  occurred  in  the  row  of  spot  velds, 
all  shear  connectors  between  the  support  and 
mid-span  failed  simultaneously.  Tha  composite 
frames  therefore  failed  instantaneously  both 
under  static  and  dynamic  loading.  The  appearance 
of  the  test  specimens  at  failure  is  shown  in 
FIG  12. 

S5  was  nade  identical  with  S3  and  54  with  the 
one  exception  that  instead  of  spot  welds  between 
steel  sheet  and  the  angle  sections  at  the  supp¬ 
orts  eontinous  welding  was  used.  This  did  not 
change  the  mode  of  failure  but  changed  the  load 
at  failure. 


To  sum  up,  the  results  of  the  investigation 
indicate  that  composite  action  between  concrete 
and  sheet  netal  may  be  obtained  in  slabs  subjec¬ 
ted  to  static  and  dynamic  loading.  If  the  total 
anchor  force  in  the  shear  connector  is  less  than 
the  force  that  is  equivalent  to  failure  ia  the 
sheet,  then  an  instantaneous  failure  is  shown  by 
the  structure.  The  shear  connectors  must  be 
designed  so  that  their  total  load  capacity  is 
greater  than  tha  force  required  for  failure  in 
the  sheet,  in  order  to  obtain  ductile  failure  in 
the  structure. 
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FIG  1.  Test  specimens. 
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FIG  2.  Loading  of  test  specimens. 
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FIG  7.  Blast  loading  of  slabs  S2  and  A2 

(6x10g,  1.47  m  from  test  specimen), 
a)  Pressure  time  curve  of  load  sequence. 
d)  Deflection  curve  (midspan)  as  a  function 
of  time  for  S2. 

c)  Deflection  curve  as  a  function  of  time 
for  A2. 


FIG  3.  Blast  loading  of  slab  S2  (6x30g,  1.0  m 
f»cm  test  specimen). 

a)  Pressure  time  curve  of  load  sequence, 

b)  Deflection  curve  (midspan)  as  a  function 
of  time. 


FIG  9,  Blast  loading  of  frames  A3,  S3  and  S5 

(6x100g,  3.0  m  from  front  edge  of  test 

specimen). 

a)  Pressure  time  curve  of  load  sequence. 

b)  Deflection  curve  (midspan)  as  a  function 
of  time  for  frame  A3. 

c)  Deflection  curve  (midspan)  es  a  function 
of  time  for  frame  S3. 

d)  Deflection  curve  (midspan)  as  a  function 
of  time  for  frame  S5. 
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ABSTRACT 

The  MUST-IV  Test  Series  was  designed  to  eval¬ 
uate  the  survivability  of  a  reinforced  concrete 
personnel  shelter  in  a  blast  and  shock  environment. 
The  shelter  consisted  of  precast,  modular  segments 
with  bell  and  spigot  joints.  It  was  rectangular  in 
cross  section  and  contained  complete  mechanical  and 
electrical  subsystems  for  a  self-conta  <ed  power 
and  air  supply  system.  The  blast  and  shock  envi¬ 
ronment  was  generated  using  1000-1b  and  500-lb 
general  purpose  bombs.  This  paper  examines  the 
testbed  construction,  test  program,  and  test 
results  of  this  series. 

INTRODUCTION 

Protection  of  personnel  In  chemical  environ¬ 
ments  Is  required  to  support  United  States  Air 
Force  (USAF)  operations.  Because  conventional- 
weapon  environments  are  expected  to  accompany  these 
chemical  environments,  personnel  shelters  must  be 
able  to  function  when  exposed  to  the  blast  and 
shock  effects  generated  by  conventional  weapons. 
Fcllure  of  the  shelter  system  Is  defined  by  the 
following: 

1.  Collapse  of  the  structural  elements  under 
blast  or  shock  loads. 

2.  Failure  of  the  structural  envelope  to 
hold  a  positive  pressure  against  the  chemlca'i 
envl ronment . 

3.  Failure  of  the  air  supply  system  due  to 
equipment  failure  from  blast  or  shock  locds. 

4.  Injury  to  personnel  from  blast  or  shock 
loads. 

The  entire  MUST  series  consisted  of  two 
phases.  In  Phase  I.  generic  cylindrical  and  rec¬ 
tangular  structures  were  tested  and  evaluated.  In 
Phase  II,  full-scale,  fully  equipped,  cylindrical 
and  rectangular  shelters  were  tested  and  evaluated 
The  MUST-IV  test  article  was  the  rectangular  shel¬ 
ter  tested  In  Phase  II. 

The  MUST-IV  shelter  was  subjected  to  a  series 
of  tests  that  specifically  challenged  the  shelter 
In  order  to  evaluate  It  against  the  failure  modes. 
Other  objectives  of  the  MUST-IV  test  events  were 


1.  Identify  critical  load  and  response  mech¬ 
anisms  for  the  shelter  and  equipment  In  a  conven¬ 
tional  weapon  environment. 

2.  Provide  data  to  verify,  establish,  or 
modify  criteria  for  the  Identified  modes  of 
failure. 

The  evaluation  of  the  shelter  was  done  on  a 
systems  assessment  basis.  This  evaluation  approach 
begins  with  the  Identification  of  the  functional 
requirements  of  the  system.  The  three  components 
that  must  be  defined  are  the  environment,  the 
structure,  and  the  response  mechanism.  If  two  of 
the  components  are  known  or  given,  then  the  third 
can  be  solved  for  by  the  use  of  one  of  three  equa¬ 
tions.  The  design  equation  Is  used  when  the  envi¬ 
ronment  and  response  are  given  and  the  structure  Is 
the  unknown.  The  analysis  equation  Is  used  when 
the  structure  and  the  environment  are  given  and  the 
response  Is  the  unknown.  The  limit  states  equation 
1$  used  when  the  structure  and  response  are  given 
and  the  environment  is  the  unknown,,  The  MUST-IV 
test  series  primarily  Involved  the  analysis  equa¬ 
tion.  The  details  of  this  assessment  are  being 
addressed  in  another  paper  at  this  symposium  pre¬ 
sented  by  Lt.  Michael  K.  W.  Wong  of  the  Air  Force 
Weapons  Laboratory  (AFWL),  Albuquerque,  New  Mexico. 
To  define  the  three  functional  components,  data 
were  collected  pretest,  posttest,  and  during  the 
event.  The  data  consisted  of  the  output  from 
active  free-fleld  soil  stress,  acceleration,  and 
blast  pressure  gages;  active  structural  concrete 
strain,  steel  strain.  Interior  pressure,  and  soll/- 
structure  Interaction  gages;  active  equipment 
acceleration,  voltage  measurement,  current  measure¬ 
ment,  Intake  and  exhaust  pressure,  and  generator 
shaft  revolutlon-per-mlnute  measurement  gages; 
passive  structural  displacement  gages;  and  struc¬ 
tural  element  gap  measurements. 

TEST  ARTICLE 

The  MllST-IV  test  article  was  a  precast,  modu¬ 
lar,  reinforced  concrete  shelter  that  had  a  rectan¬ 
gular  cross  section.  The  modular  system  of  con¬ 
struction  Is  considered  to  have  the  following 
advantages  over  a  cast-1 n-pl ace  concrete 
structure: 

1.  Riant-cast  concrete  quality  control  and 
,  material  savings  due  to  production  line 
techniques. 
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2.  field  labor  savl/igs  and  material  savings 
due  to  elimination  or  oulxy  framework. 

1.  Flexibility  in  shelter  layout. 

4.  Blast  and  shock  load  energy  absorption 
through  structure  displacement. 

Nineteen  modules,  six  end  caps,  and  two  Inter* 
ior  bulkheads  were  assembled  to  form  the  completed 
test  structure.  In  plan  view  the  assembled  struc¬ 
ture  was  roughly  U-shaped  (Fig.  1). 

CONSTRUCTION 

The  MUST  Test  Series  was  conducted  at  the 
McCormick  Ranch  Test  Area,  McCormick  Ranch  is  a 
600-acre  test  site  located  adjacent  to  Klrtland  Air 
Force  Base  In  Albuquerque,  New  Mexico.  Reference 
[1]  details  the  soil  conditions  at  the  testbed. 
From  the  surface  to  a  depth  of  6  m  (19.7  ft),  the 
soil  Is  a  uniform,  medlum-to-flne,  nonplastic  sand. 
Intense  soil  cementation  has  been  observed  in  some 
excavations,  but  does  not  occur  uniformly  over  the 
testbed  area.  Also,  the  surface  soils  have  been 
deposited  from  alluvial  action  so  that  a  nonlso- 
troplc  condition  exists.  Whve  speeds  in  the  soil 
are  faster  In  the  north-south  direction  than  in  the 
east-west  direction. 

Preparation  of  the  testbed  consisted  of  sur¬ 
veying  and  grading  an  area  45.72  m  (150  ft)  by 
30.48  m  (100  ft)  within  an  already  established 
shrub-free  area.  The  corners  of  the  main  segment 
trench  and  entrance  and  exit  trenches  were  then 
established  and  excavated  to  the  required  depth  and 
levelness.  All  free-field  instrumentation 


oackages  located  under  the  structure  or  in  the  near 
free  field  to  the  structure  were  then  placed. 

A  sand  bed  was  placed  and  leveled  in  the  trench. 
This  sand  bed  allowed  the  structure  to  be  placed 
with  Its  midline  at  the  final  grade  of  the 
testbed. 

To  assemble  the  structure,  construction  tech¬ 
niques  typical  of  large  diameter  pipe  laying  were 
used.  Each  module  and  interior  bulkhead  had  a  male 
(spigot)  and  female  (bell)  end  for  mating  of  the 
modules  and  bulkheads.  End  caps  were  bolted  to 
flat  ends  on  the  specific  modules.  AVI  joints  were 
assembled  with  an  elastomeric  gasket  material  and 
sealing  lubricant.  The  lubricant  also  aided  In  the 
assembly  process.  A  140-ton  capacity  mobile  crane 
was  used  to  place  the  Individual  pieces  of  the  test 
article  In  the  trenches.  The  modules,  bulkheads, 
and  end  caps  were  pulled  together  by  cable  come- 
a longs  secured  to  cast-in  anchors  along  the  sides 
of  the  pieces. 

The  trench  was  backfilled  to  the  final  grade 
of  the  testbed  using  In  situ  soil.  Mechanical 
tampers  and  a  roller  compactor  were  used  to  compact 
the  backfill  to  95  percent  of  the  maximum  density 
as  determined  by  ASTM  0698-70  at  a±  2  percent  of 
optimum  moisture. 

After  completion  of  the  backfill,  the  remain¬ 
ing  free-field  gages  were  placed.  The  structure 
was  then  covered  with  a  loose,  uncompacted  soil 
berm.  In  cross  section  the  berm  was  trapezoidal. 
See  Figure  2. 
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All  major  Interior  equipment  for  the  mechani¬ 
cal  and  electrical  subsystems  was  mounted  on  shock- 
isolated  frames  with  the  exception  of  the  fuel  oil 
tank  that  supplied  the  unit  heater  and  diesel  gen¬ 
erator.  The  shock  isolation  system  had  been 
designed  based  on  the  expected  shock  environment 
and  the  frequencies  of  each  Individual  piece  of 
equipment.  The  fuel  tank  and  minor  equipment  were 
hard-mounted  to  the  floor,  walls,  or  celling  as 
appropriate. 


DATA  ACQUISITION 

Transducers  and  hardware  commonly  used  for 
conventional  blast  and  shock  testing  were  used  on 
the  MUST-IV  test  events.  Free-fleld  acceleration 
was  measured  with  four  types  of  Endevco  accelerome¬ 
ters  cast  In  epoxy  mini  canisters.  Structure  accel¬ 
eration  was  measured  with  Endevco  accelerometers 
attached  to  aluminum  mounting  blocks.  Soil  pres¬ 


sure  measurements  were  made  with  Kullte  transducers 
having  a  range  of  20,69  NPa  (3000  lb/in  Pres¬ 
sure  at  the  soil -structure  Interface  was  measured 
with  Kullte  WAN  transducers  mounted  In  a  New  Nexlco 
Engineering  Research  Institute  (NMERI)  normal 
stress  mount.  Concrete  strain  was  measured  with 
BLH  strain  gages  which  have  a  resistance  of  120  n. 
Steel  strain  was  measured  with  Alltech  weldable 
strain  gages  which  have  a  resistance  of  350  n. 
Alrblast  pressure  measurements  were  made  with 
Kullte  pressure  transducers  mounted  In  standard 
AFWl  hardware  that  had  been  cast  In  concrete  blast 
pressure  pads  (external  blast  pressure)  or  had  been 
mounted  on  threaded  flanges  (Interior  pressure). 


The  basic  measurement  system  consisted  of  the 
transducers,  the  cable  from  the  transducers  to  the 
junction  box  and  forward  amplifiers,  the  junction 
box,  the  cable  from  the  junction  box  to  the  record¬ 
ing  van,  and  the  recording  van. 


Figure  2 


Typical  cross  section  of  test  facility. 


The  Junction  box  was  approximately  99  m  (325 
ft)  from  the  structure,  where  ISD-230  amplifiers 
were  located.  Amplification  was  required  for  most 
of  the  structural  gages,  and  this  closely  coupled 
amplification  provided  the  maximum  signal -to-nolse 
ratio  and  data  recovery.  Signals  were  relayed  from 
the  Junction  box  to  the  Instrumentation  van  through 
20-pair  cables.  The  Junction  box  also  served  to 
connect  the  unampllfled  structure  gages  and  the 
free-fleld  2-palr  cables  to  the  20-pair  cables 
running  from  the  junction  box  to  the  Instrumenta- 
1 1  on  van. 

The  data  were  recorded  on  28-track  Ampex  2230 
recorders  In  a  multiplex  record  format. 

In  addition  to  the  active  and  passive  gages 
used  in  each  test  event.  Interior  and  exterior 
motion  picture  cameras  were  used  to  document  the 
behavior  of  the  test  article  during  the  test.  The 
high-speed  exterior  cameras  recorded  the  blast, 
ejecta,  and  dust  cloud  formation  while  the  Interior 
high-speed  cameras  recorded  structure  and  equipment 
response. 

TEST  PROGRAM 

As  In  the  previous  phases  of  the  MUST  series, 
1000-1b  and  500-lb  general  purpose  bombs  were  used 
to  generate  the  blast  and  shock  environments. 

These  general  purpose  bombs  were  placed  as  a  sur¬ 
face  burst,  with  the  bomb  center-of-gravlty  at 
testbed  grade  level  or  as  a  burled  burst,  with  the 
bomb  center-of-gravlty  at  a  specified  distance 
below  grade. 

The  evaluation  of  the  Phase  I  test  events  and 
the  cylindrical  shelter  In  the  first  part  of  Phase 
II  had  shown  that  for  a  partially  burled,  bermed, 
multi-unit  structure,  the  surface  burst  did  not 
place  critical  loads  on  the  structure  or  equipment. 
Therefore,  the  test  plan  for  the  MUST-IV  structure 
emphasized  the  burled  bursts.  The  locations  of  the 
bomb  center-of-gravltles  were  chosen  to  test  the 
system  failure  modes.  They  were  also  chosen  to 
attempt  to  repeat  some  of  the  bomb-to-structure 
locations.  Bomb  center-of-gravlty  locations  are 
shown  In  Figure  1.  The  test  event  schedule  Is 
given  In  Table  1.  Events  A  and  0  were  located  In 
similar  positions  to  the  twin  segment  and  the 
entrance  and  exit  segments.  Events  C,  F,  and  G 
were  located  at  varying  distances  from  the  main 
segment  end  caps. 

TABLE  1.  MUST-IV  TEST  SCHEDULE 


Test  Event 

Test  Date 

Bomb  Local 

A 

17  Feb  84 

Burled 

8 

24  Feb  84 

Surface 

C 

2  Mar  84 

Burled 

I) 

9  Mar  84 

Burled 

r 

16  Mar  84 

Burled 

F 

23  Mar  R4 

Burled 

G 

25  May  84 

Burled 

TEST  RESULTS/ANALYSIS 

The  single  surface  burst  event  was  not  expect¬ 
ed  to  provide  the  most  severe  environment  for  the 
structure.  The  event  did  test  a  proposed  blast 
wall,  the  blast  valves,  a  blast-resistant  door,  the 
exhaust  and  vent  pipes  for  the  mechanical  equip¬ 
ment,  and  the  exposed  end  cap  of  the  exit  segment. 
The  blast  wall  provided  some  attenuation  of  the 
peak  pressures  and  experienced  significant  dis¬ 
tress,  but  performed  as  designed.  The  door  failed 
In  rebound  when  some  holts  had  their  threads 
stripped  by  the  nuts,  thus  allowing  the  door  to 
swing  open.  Because  of  the  timing  of  the  failure 
and  the  design  of  the  airflow  through  the  struc¬ 
ture,  this  failure  did  not  qualify  as  a  system 
failure.  The  exhaust  and  vent  pipes,  and  the  end 
cap  performed  as  designed.  The  alrblast  load  on 
the  end  cap  and  the  ground  shock  environment  were 
the  major  loads  on  the  structure  from  this  event, 
while  very  little  of  the  structure  response  was 
attributed  to  alrslap  through  the  berm. 

The  failure  modes  of  major  concern  with  regard 
to  the  burled  burst  events  were  the  failure  of  the 
structural  elements.  In  particular  the  bell  and 
spigot  joints,  and  the  failure  of  the  equipment. 

Test  events  A,  D,  and  E  provided  the  environ¬ 
ments  to  primarily  challenge  the  structural  ele¬ 
ments  and  the  joints.  In  addition,  event  A  also 
challenged  the  mechanical  equipment.  Test  events 
C,  F,  and  G  provided  the  environments  to  primarily 
challenge  the  mechanical  equipment  but  also  tested 
the  end  cap. 

The  Individual  wall,  floor,  and  roof  elements 
of  each  module  responded  to  the  environment  with  an 
elastic  behavior.  The  corner  details  at  the  Inter¬ 
section  of  the  walls  with  the  floor  and  the  walls 
with  the  roof  had  been  designed  to  be  moment-resis¬ 
tant.  This  stiff  corner  successfully  transmitted 
flexural  forces  between  elements.  No  evidence  was 
found  of  any  tensile  cracks  on  any  face  of  any  of 
the  Individual  elements. 

Each  module  generally  responded  to  the  envi¬ 
ronment  with  a  rigid-body  rotation  and  translation. 
The  geometry  of  partially  burying  the  structure 
with  a  loose  berm  allows  the  structure  to  posi¬ 
tively  respond  to  the  horizontal  and  vertical  com¬ 
ponents  of  the  shock  load.  The  partial  burial  with 
a  controlled,  compacted  backfill  holds  the  struc¬ 
ture  In  place  so  that  the  horizontal  component  of 
the  load  pushes  the  structure  Into  the  In  situ  soil 
and  backfill  (translation).  Since  this  backfill  Is 
only  up  to  the  structure  "ddllne  with  a  oosely 
placed  berm  above  It,  the  structure  1$  not  as  con¬ 
strained  at  the  top  downstream  corner  as  It  Is  at 
the  bottom  downstream  corner.  With  nothing  but  a 
loose  berm  above  It,  the  structure  responds  to  the 
vertical  component  of  the  shock  load  by  moving  up. 
The  acceleration  data  plots  show  the  -1  g  trace  as 
the  structure  “falls"  back  after  the  loading  and 
the  Interface  pressure  data  plots  show  the  point  at 
which  the  structure  rejoins  the  ground  below  It. 
This  combination  of  load  components  with  a  con¬ 
strained  bottom  downstream  corner  Is  thought  to  be 
the  mechanism  that  produces  rigid-body  rotation. 
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Also  contributing  to  the  structure  response  Is 
the  Interconnection  of  adjacent  modules.  If  the 
structure  was  continuous,  one  would  expect  a 
response  similar  to  a  beam  on  an  elastic  founda¬ 
tion.  However,  each  bell  and  spigot  Joint  allows 
some  degree  of  freedom  for  movement  between 
modules.  Insufficient  data  were  generated  from 
this  test  series  to  Identify  the  exact  nature  of 
the  Interaction  of  the  modules  at  the  joints. 
Comparison  of  data  from  gages  In  adjacent  modules 
confirms  that  differences  exist.  The  steel  strain 
gages  that  had  been  placed  In  certain  joints,  and 
that  may  have  contributed  some  Information  as  to 
what  was  occurring  at  the  joints,  were  either  not 
functional  at  the  time  of  testing  or  produced  unus¬ 
able  data.  When  evaluated  against  the  system  fail¬ 
ure  modes,  however,  the  joints  did  not  fall.  They 
did  exhibit  three  types  of  distress,  but  with  the 
exception  of  event  F,  none  of  these  joint-damage 
types  would  qualify  as  a  system  failure.  The  three 
Joint -damage  types  were  crushing  and  spalling  of 
the  joint  edges  due  to  rotation  and  closure,  crack¬ 
ing  of  the  bell  or  spigot  due  to  relative  rigid- 
body  motion,  and  longitudinal  separation  of  the 
joints.  This  last  type  of  joint  failure  did 
qualify  as  a  system  failure  In  event  F.  The 
center-of-gravlty  of  the  bomb  had  been  Intention¬ 
ally  moved  closer  to  the  structure  to  create  a  more 
severe  environment  on  the  Filter  Blower  Room  (FBR) 
and  end  cap.  As  a  result  of  the  bomb  location,  the 
last  three  modules  In  the  main  segment  were  lifted 
up  by  the  blast,  longitudinally  separated,  and  when 
they  fell  back,  the  FBR  module  tilted  partially 
into  the  crater. 


CONCLUSION 


A  partially  burled,  bermed,  multi-unit  rein¬ 
forced  concrete  structure  was  directly  evaluated 
for  the  failure  modes  In  a  conventional  weapons 
environment.  While  the  structure  did  show  some 
distress  at  some  elements.  It  did  not  fall  under 
the  specified  criteria  and  miss  distances.  The 
shelter  responds  to  the  loading  environment  by 
flexure  of  the  walls,  roof  and  floor,  and  transla¬ 
tion  and  rigid-body  rotation  of  the  modules.  The 
shock  Isolation  mounting  of  the  equipment  protected 
It  from  the  blast  and  shock  loads.  The  module 
joints  are  the  critical  elements  of  this  structure 
and  further  study  of  the  exact  nature  of  the  joint 
Interaction  is  suggested. 
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RESPONSE  OF  A  BURIED  STRUCTURE  TO  HIGH  INTENSE  IMPULSIVE  LOADING 


J.  RICK  HOLDER 


USAF  Armament  Laboratory 
Vulnerability  Assasanents  Branch 
Eglln  AFB,  Florida  32542  -5000 


ABSTRACT 


A  1/3  scaled  buried  multlroomed  concrete 
structure  was  subjected  to  a  aerlea  of  internal 
high  explosive  tests.  The  purpose  of  the  tests  was 
to  gather  empirioal  data  necessary  toi  (1)  develop 
methods  to  predlot  Internal  wall  breach  from 
Internal  high  Intense  impulsive  loading,  (2) 
develop  methods  to  predlot  internal  pressure 
migration  from  internal  high  explosions,  and  (3) 
determine  overall  component  structural  Integrity. 
Impulsive  loading  was  obtained  from  detonations  of 
0.1  to  2.0  pound  charges.  A  large  amount  of 
structural  response  data  was  gathered  whiah  can  be 
applied  to  problems  involving  dynamic  loading  of 
reinforced  concrete  structures.  The  data  gathered 
during  this  test  program  will  be  presented. 


INTRODUCTION 


Backgi  ound 


The  Air  Force  Armament  Laboratory  (AFATL)  has 
responsibility  within  the  Air  Force  for  the 
lethality  evaluation  of  conventional  munitions 
agalnat  ground  and  air  targets.  Hardened,  high 
value  targets  such  as  radar  sites,  airfields,  and 
command  control  centers  represent  high  priority 
target  threats  In  a  taotloal  scenario,  and  are 
consequently  of  high  Interest  In  current  Air  Foroe 
munition  development  programs.  Part  of  the 
engineering  knowledge  necessary  to  evaluate  the 
lethality  of  conventional  munitions  against  high 
value  targets  Includes  internal  detonations  of 
explosive  against  Internal  ooncrete  walls,  floors, 
and  roofs.  Problems  presently  exist  due  to  the 
lack  of  data  measuring  blast  pressures  plaoed  on 
Internal  walls,  floors,  and  roofs  due  to  the 
detonation  of  explosives  Internally.  Therefore,  It 
Is  Important  to  collect  suoh  empirical  data  and  to 
develop  methods  to  predlot  internal  wall  breaoh  and 
pressure  migration  from  Internal  high  explosions. 

In  response  to  this  need,  the  USAF  Armament 
Laboratory  planned,  constructed,  and  tested  a 
burled,  raultlroomed  reinforced  ooncrete  structure. 
This  paper  describes  the  results  of  field  testing 
the  ooncrete  structure  at  Eglln  AFB  range 
facilities. 


OBJECTIVE  and  APPROACH 


The  objective  of  thia  ter lea  of  tests  was  to 
gather  enplrioaX  data  from  Internal  high  explosive 
datonatlcns.  Mast  pressure,  Impulse,  wall  and 
equipment  acceleration,  and  wall  defleotlon  was 
measured.  Tei-ts  were  conducted  with  explorlve 
charges  detorited  at  different  standoffs  from 
different  wal  Is  w/.thln  a  burled  multlroomed 
concrete  structure.  Each  room  had  either  a  steel 
or  wooden  door.  All  rooms  had  some  type  of 
equipment  with  Internal  electronic  components.  Some 
tests  had  the  doors  open,  some  aloaed,  some  with  a 
mixture  of  the  doors  open  and  olosed.  Eaoh  room 
was  instrumented  with  at  pressure  transducer. 
Selected  walls  and/or  roora  ware  inatrumentad  with 
an  aooelerometer.  Salaoted  equipment  waa  alao 
Inatrumentad  with  an  aooalarometar.  Hal  la 
surrounding  the  room  where  the  event  took  plaoe 
were  Instrumented  with  defleotlon  gages.  After 
eaoh  test  a  damage  assessment  was  performed  on  all 
structural  o opponents  of  the  target. 


EXPERIMENTAL  PROCEDURES 


Test  Structure 


One  reinforced  concrete  multlroomed  box-type 
structure  waa  oonstruoted  for  uaa  an  the  test 
spec lean.  The  struoture  had  eight  rooms,  floor, 
roof,  snd  a  hallway  running  the  entire  length  of 
the  structure  (Figure  1).  Eaoh  room  had  two  full 
Internal  walls  fixed  on  four  edges,  one  external 
wall  and  one  Internal  wall  with  a  door  opening. 

All  Internal  wells  ware  0.33  feat  thlok,  5.0  feat 
In  length,  and  4.0  feat  in  height.  The  floor, 
roof,  and  external  walls  were  0.67  feet  thick.  The 
teat  structure  represented  a  1/3  scale  model  of  a 
full-scale  generlo  structure.  The  steel 
reinforcement  peroenteges  for  the  Interior  walls 
was  0.027  and  0.013  for  the  exterior  walls,  floor, 
and  roof.  The  relnforoement  design  did  not  use 
shear  stirrups  or  shear  dowels;  however, 
development  lengths  of  the  reinforcing  bars  were 
used  to  tie  the  wall#  to  the  roof  and  floor  slabs. 
Relnforoement  details  are  shown  In  t!’a  eeotlon 
drawings  of  Figure  1.  The  test  structure  was 
constructed  on  Eglln  AFB  range  facility.  The 
structure  waa  built  with  the  roof  at  ground  level. 
Onoe  oonstruoted,  5.0  feet  of  compacted  earth  waa 
plaoed  over  the  structure.  This  structure  was 
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completed  In  1977  and  allowed  to  aet  until  testing, 
June  1984. 


Material  and  Structural  Properties 

The  concrete  mixture  used  Tor  the  structure  was 
designed  to  give  a  28-day  compressive  strength  of 
4000  psl.  Actual  daun  from  test  cylinders  gave  an 
average  compressive  strength  of  6400  pal  at  28- 
days.  Table  1  indicates  actual  wall  compressive 
strength  using  the  Swiss  Hammer  method.  For 
identification  each  wall  is  labeled  by  letters  (see 
Figure  1).  The  cement  used  met  ASTM  Specification 
C150-71,  Type  I.  The  course  aggregate  used  was 
crushed  limestone  whloh  met  ASTM  C-33,  #57. 

The  reinforcement  steel  was  specified  as  ASTM 
A615-68,  Grade  40,  having  a  design  minimum  yeild  of 
40,000  psl. 

Measurements 

The  gage  layout  for  the  active  Instrumentation 
used  Is  presented  in  figure  1.  The  gage  layout  was 
chosen  and  located  to  measure: 

a.  Alrblast  load  Imposed  on  the  walls,  roof,  and 
floor  surfaces. 

b.  In-struoture  motion  (Acceleration,  Velocity, 
and  Displacement). 

In  addition  to  the  active  gages,  passive  scratch 
gages  were  used  to  measure  the  peak  end  permanent 
displacement  of  the  wall. 
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Table  1.  Interior  Wall  Compressive 
Strengths 


Instrumentation 

PCB  pressure  and  veloolty  transducers  were  used 
to  make  the  aotlve  measurements.  These  transducers 
were  attached  to  RG-62  ooaxial  oable  which  ran 
approximately  300  feet  to  the  following  recording 
sequence: 


1.  PCB  463A  Charge  Amplifier 

2.  VR  3700-Wide  Band  Group  II-Frequenoy  Modulator 
Tape  Recorder 

3.  Bell  and  Howell  5-133  Oscillograph 

4.  Hewlett  Packard  5180  Waveform  Recorder 

5.  Hewlett  Packard  9825  Computer 

6.  Hewlett  Packard  four-pen  plotter 

When  the  charge  was  detonated  a  loading  was 
placed  on  the  concrete  walls,  floor,  and  roof  of  an 
individual  room.  The  pressure  was  then  formed 
throughout  the  structure  and  exited  through  the 
entrance.  The  gages  reacted  causing  an  electrloal 
signal  to  move  through  the  cable  to  the  oharge 
amplifier.  At  this  point,  the  signal  is  amplified 
and  moved  to  the  frequency  modulator  and 
oscillograph.  The  oscillograph  allows  a  quick  look 
at  the  wave  form.  The  frequency  modulator  stores 
the  signal  on  analog  tape.  The  signal  is  then 
transfered  from  the  tape  to  the  oomputer  where  its 
software  calculates  the  pressure-time  history 
curve.  Impulse,  and  acceleration.  Peak  pressure 
4nd  impulse  are  also  determined  by  the  computer 
program.  This  data  is  then  plotted  for  permament 
record. 

Explosive  Charges 

All  charges  were  fabricated  by  forming 
composition  C-4  explosive  into  a  sphere.  The 
charge  weight  varied  from  0.1  to  2.0  pounds. 

Test  Procedure 

Prior  to  the  start  of  testing,  stands  were 
constructed  to  house  the  pressure  transducers.  The 
stands  were  designed  so  as  to  looate  the  pressure 
sensing  element  24.0  inches  above  the  floo.'  slab  in 
all  locations.  The  charge  was  also  plaoed  24.0 
Inches  above  the  floor  slab  in  all  tests.  Various 
standoffs  were  used  in  testing  the  different 
walls.  Velocity  transducers  were  placed  cn 
different  areas  within  the  test  structure  depending 
on  the  charge  location.  Preparation  for  the 
Individual  tests  proceeded  as  follows: 


a.  The  structure  was  cleaned  of  any  debris. 

b.  Instrumentation  was  prepared  and  calibrated 
for  each  test. 

o.  Door  position  of  individual  rooms  was 
selected. 

d.  The  oharge  was  emplaoed  and  armed. 

e.  Final  checks  were  made,  the  final  countdown 
began,  and  the 

oharge  was  detonated. 

f.  After  each  detonation,  a  mechanical  fan  was 
plaoed  on  the 

structure's  entrance  to  remove  the  explosive 
gases  and  the 

aerial  debris. 

g.  An  explosive  expert  Insured  oomplete 
detonation. 

h.  Still  photographs  were  taken  of  the  damage  to 
all  interior 

walls,  floor,  roof,  doors,  and  equipment  that 
was  looated 

in  the  various  rooms. 

I.  Measurements  were  made  of  the  damaged  areas. 

J.  Major  cracks  were  marked  and  a  drawing  was 
made  of  the 

interior  damage. 


TEST  RESULTS 

Twentytwo  successful  tests  took  plaoe.  The 
following  tables  lndloate  each  test's  oharge  weight 
and  location,  test  wall  and  room,  pressure. 

Impulse,  deflection,  and  acceleration  measurements, 
and  a  damage  assessment  after  each  shot. 


TEST  1 
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DAMAGE  a  EOUIPMENT  N01  SET  P»OPE*LY  -  HO  DATA  ALL  DOORS 
WERE  lEFI  OPEN.  NO  SlUCtURAL  DAMAGE  OCCURRED. 
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TEST  6 
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DAMAGE)  >  cage  malfunction  -  no  data,  all  doors  were  open 

NO  STRUCTURAL  OR  EQUIPMENT  DAMAGE  OCCURRED,  n  IMPULSE  COULD 
NOT  DC  CALCULATED. 
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TEST  7 

Charge  Weight  .29  dS»' 

Charge  Leeetien  i  iRODMt 

Teat  Wail  a  iwalli 

Charge  Standoff  .  i.g  i INCHES) 
Charge  x-aaordlnata.  U  »  inches) 

Charge  Y-eaardlneta,  24  iUCmCS) 


[■K^nst 


ii  iii  —i  i  ii  I  ii  i  ii  i  ii  i  ■ 


I  cm 


na 


CAM 

LOCATION 


Mi 

LOCATION 


WALL  WALL 


icucracai 


X 


TEST  8 


C**rgp  Vftigm 
Ctwgp  Local toA 
Taat  Wall 
Charga  Standoff 
Charga  It -coord mat* 
Cnarga  7-eoordinaia 


Transducer 

Local .on _ 

P— a  Fraatura  (PSIG* 
IwpoUa  4PS1-HSEC* 


.46 

1 

(L»*» 

(•OOnt 

0 

1  WALL  • 

4? 

(  INCHES  * 

sa 

1  INCHES' 

24 

( 1 nChES i 

*l 

P2  l>S  P4 

P5  P$  P7 

JZ 

'  *  *  * 

_1_  JUSL  -fi*Z 

* 

X  XX 

X  2.87  4.01 

DAMAGE  t  a  CMC  malfunction  .  no  data.  all  doom  vtRt  open 
additional  concrete  sralled  from  wall  a  nr  noon  t  cxrandinc 

THC  CRATCH  TO  *0.75*  WIDC  RY  22"  MIC*  DY  2.  75"  DEER.  A  CRATER 

wad  formed  on  wall  a  in  noon  i  measuring  d.d*  wioc  dy  c  is* 

HIGH  DY  1 .01*  KIP  REINFORCEMENT  WAD  VISIDLC  ON  WALL  A  IN 
ROON  I.  A  CONCRCTC  RLUC  MEASURING  2  ID"  WIK  DY  I  7S"  MIC** 

DY  OUR  DR  ALL  CD  FROM  WALL  D  IN  ROOM  A  OSCILLOSCORC 

COWCR  DCCAM  TO  SCRARATC  IN  ROON  2  CASING  ON  COUlPMENT  IN 
ROOM  D  RCCAN  TO  SEPARATE. 
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4"X2.S"  SPALLED  FROM  wall  A  in  ROOM  8,  Tm£  RIGHT  SIDE  OF  ROOM  T 
DOOR  FRAME  DRONE  LOOSE  FROM  THE  WALL  AND  PROTRUDED  INTO  1H£ 
HALLWAY  D.S  INCHES. ALL  DOORS  WERE  OPEN. 


TEST  9 
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WAS  VISIBLE.  ROOM  7S  DOOR  FRAME  WAS  BROKEN  COMPLETELY  FROM 
THE  WALL  AN  ADDITIONAL  SEVEN  *EYS  WERE  KNOCKED  FRi  n  The 
TERMINAL  keyboard  LOCATED  IN  ROOM  2.  all  DOORS  WERE  OPEN. 
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DAMAGE i  *  cage  malfunction  -  no  data.  »»  deflection  cage 

MEASURED  B.BS"  •  SPALL  FROM  WALL  B  CAUSED  THIS  LaRCE  READING. 

AIL  DOORS  WERE  OPEN,  WALL  A  WAS  BREACHED.  A  HOLE  MEASURING  S* 
1N.DIAMCTER  WAS  FORMED.  THE  CRATER  ON  WALL  A  OF  ROOM  9  WAS 
UNCHANCED.  ADDITIONAL  CONCRETE  SPALLED  FROM  WALL  A  In  ROOM  I 
EXPANDING  THE  CRATER  TO  D.25*  WIDE  BY  5.S4-  HIGH.  A  CRA’CR 
FORMED  ON  WALL  B  OF  ROOM  I  MEASURING  5.DI  WIDE  BY  2.75  HIGH 
DY  .IS*  BEER,  additional  CONCRETE  SPALLED  FROM  WALL  B  IN  ROOM  2 
EXPANDING  THE  CRATER  TO  IS*  WIDE  DY  15. DC"  HIGH  DY  2.11*  DEER. 
NC  ADDITIONAL  DAMACE  TO  EQUIPMENT  in  ROOM  2  OR  ROOM  8. 
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DAMAGE  i  a  cace  malfunction  -  no  data,  all  doors  were  open. 

THE  hole  IN  wall  A  INCREASED  IN  SIZE  TO  MEASURE  5  0  WIOC  BY 
«  0*  IIIOM,  ADDITIONAL  CONCRETE  SPALLED  FROM  WALL  A  OF  ROOn  B 
TO  MEASURE  22. B"  WIDC  DY  22  D"  HIGH.  ADDITIONAL  CONCRETE  SPALLED 
FR»i  WALL  A  OF  ROOM  I  TO  MEASURE  D  D~  WIDE  D»  7  »*  HIGH.  A  CRACK 
MEASURING  42  B"  RICH  DEVELOPED  FROM  THE  FLOOR  AT  THE  CORNER  0» 
WALL  A  AND  WALL  »  IN  ROOM  I.  OT»€R  F|N£  CRACKS  DEVELOPED  ON  DOTH 

FACES  OF  WALL  A  IN  THIS  GENERAL  AREA,  A  SPALL  AREA  OF  14  D"  HIGH 

ST  f  D*  WIK  D»  .25"  KCP  ALSO  DEVELOPED  IN  THIS  AREA  AT  THE 

DOOR  OPINING  OF  WALL  A  IN  ROOM  I. CONCRETE  SPAlLCO  MEASURING  4  ti~ 

WIK  BY  ODD*  HIGH  WALL  B  WAS  BREACHED  A  HOLE  MEASURING  7  0“ 
WIK  DY  D.D*  RICH  WAS  FORMER  TWO  VERTICAL  AND  ONE  RORIZONTAL 
BAR  WAS  DEFLECTED  ,DD*  TOWARDS  ROOM  2.  ADDITIONAL  CONCRETE 
spalled  from  wall  •  op  Men  i  expanding  the  crater  to  id  t*  vik  by 
ID. 24*  MICH  additional  CONCRETE  DPAUEB  FROM  WALL  J  OF  ROOM  2 

expanding  v«  crater  to  di  d*  wik  by  ti.s*  rich 
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DAMAGE)  *  CACt  MALFUNCTION  .  MO  SATA.  ALL  BSO»S  WIRE  OREM. 
»»  CAM  WAS  DISLOCATED.  ROSS  IDLE  AOOtTfOMAL  DEFLECT  JON  LEnCTM 
OCC  TO  MOVEMENT .  NO  STRUCTURAL  OARAGE  TO  ROOM  7,  EQUIPMENT  IN 
ROOM  r  HAS  internal  oarage.  CRT  WAS  DISLOCATES  FROM  EOUIRnENT. 
EOUIRHENT  FRANCS  VERE  SENT  and  BROaEN, 
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DAMAGE)  *  CAM  riALFUNCTlON  -  NO  data.  ALL  DOORS  WERE  OREN. 
NO  STRUCTURAL  DAMAGE  TO  ROOD  7.  EOUIRnENT  IN  ROOn  7  WAS  FURTHER 
DESTROYED .  NO  LOnCEn  REPAIRABLE. 
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DAMAGE  i  v  cam  malfunction  •  no  data,  all  doors  were  ore n. 

»»  LARM  DEFLECTION  RROOARLT  due  to  COKRtTC  SR  ALL .  NO 
STRUCTURAL  DATUM  TO  ROOM  7.  HOWEVER.  CONCRETE  SRALLED  FROM 
VAU  H  OF  ROOM  B  MEASURING  12.8*  VIDE  RV  12.0  MICH  *v  2.11* 
USER.  CBACAS  ALONG  WALLS  A  AND  A  HAVE  ENLARGED.  FIVE  RE  INFORCE - 
w  CARS  AT  THE  JIRCTION  OF  WALLS  A  AND  A  ARE  VISIBLE.  ROOM  2 
DOOR  FRAME  CAME  LOOSE  FROM  WALL  AT  THE  BOTTOM  RIGHT  SIDE  OF 
ENTRANCE. 


DAMAGE)  *  cam  malfunction  •  no  data  door  s  was  closed,  the 
RCMAININC  OOORS  WERE  open.  ADDITIONAL  CONCRETE  SPALLED  FROn  VALL 
H  IN  ROOM  ■  MEASURING  IB.9"  VIDE  DT  14.9"  HIGH  ST  2. IS"  DEEP.  ONE 
VERTICAL  AND  TWO  HORIZONTAL  REINFORCEMENT  BARS  VERE  VISIBLE  NO 
BAR  DEFORMATION.  EQUIPMENT  In  ROOn  B  HAD  CONCRETE  SPALL  COVERING 
IT,  HOWEVER,  NO  APPARENT  Damage ,  CONCRETE  CORNER  OF  walls  a  and 
A  IN  ROOM  B  HAS  BBOAEN  LOOSE  MEASURING  I4.B"  WIDE  BV  2B.B"  HICH 
BY  2. SB"  DEEP.  CONCRETE  SRALLED  FROn  WALL  H  OF  ROOM  7  MEASURING 
I  I'  WIDE  BT  2.B  high  IV  DEEP.  CONCRETE  SPALLED  FROM  WALL 

R  OF  ROOM  7  MEASURING  I9.R"  WIDE  Bv  1».D"  HIGH  RT  1,44"  DEEP, 
ALSO.  CBACAS  RUNNING  49*  AL-  The  WAV  1H00ICH  WALL  R  MEASURED 
24"  FROM  LEFT  TO  RIChT,  CONCRETE  SPALLED  FROM  WALL  C  OF  ROOM  7 
NEASURIIC  4.B"  WIDE  Rr  S.7|-  HIGH  BV  .BS"  DEEP.  CONCRETE  SRALLED 
FROM  WALL  B  OF  ROOM  T  MEASURING  2.B*  WIDE  BV  B.B"  MICH  Bv  ,SS>  SEEP. 
THIS  SPALL  APPEARED  AT  TNE  DOORWAY  AND  MOVE)  LEFT  TOWARDS  TME 
COMR.  CONCMETE  SPALLED  FROR  WALL  C  OF  ROOM  B  MEASURING  2R.B"  WIDE 
BY  24. B-  HIGH  BV  S  B"  SEEP.  EOUIPMCNT  IN  BOOR  B  WAS  SHAAEN  BUT  THCRl 
WAS  NO  VISIBLE  OARAGE , 
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DAMAGE)  >  CAGE  MALFUNCTION  •  NO  DATA.  DOOR  2  WAS  CLOSED  AND 
REMAINING  DOORS  WERE  OPEN.  WALL  •  BREACHED.  (REACH  OF  WALL  • 

IN  ROOM  I  ICASURED  24.1"  WIDE  RV  It"  HICH.  THREE  VERTICAL  AND 
TMEC  HORIZONTAL  REINFOCERENT  SARD  VERE  ESPOSCD.  NO  DEFLECTION 
IN  RCIWOftCCnCNT.  CONCRETE  SPALLED  FROn  THE  CORNER  OF  WALLS  K 
AND  A  CREATING  A  (REACH  MEASURING  9.S"  WIDE  BY  IB.B"  HIGH. 
ADDITIONAL  CONCRETE  SPALLED  FROM  WALL  R  OF  ROOM  7  MEASURING 
IR.B*  WIDE  Bv  IB.B*  HIGH  BT  2.29*  DEEP.  ADDITIONAL  CONCRETE 
IPALLED  FROM  WALL  G  OF  ROOM  G  MEASURING  2B.B*  WIDE  BY  21.8" 
HICN  BY  2.BS-  BEEP.  BOOR  AND  FRAME  70  ROOM  B  WaTBLOWN  INTO 
ROOM  B  AND  BENT  THE  COUIPTCNT.  KNOBS.  COULD  FUNCTION.  NO 

apparent  Oarage  to  COulPntNT.  all  Co^ipmcnt  in  rjom  2  was 
COMPlETELT  DESTROYED  ALONG  WITH  TK j-IOOR  AND  FRAME.  THE  FRAME 
WAS  BENT  AND  LOCATED  IN  ROOM  i.  NO  DAIUGC  70  WALL  C  IN  ROOM  2. 
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DAMAGE  |  *  CAGE  HALF  UNCI  ION  •  NO  SATA.  DOOR  ?C  BOON  1  MAS 
CLOSED.  REMAINING  DOORS  MERE  OPEN.  NO  CHANGE  TO  OARAGE  IN 
BOON  2.  CONCRETE  SPALLED  FfcOn  TCP  RIGHT  OF  DOORMAT  TO  MALL  0 
IN  BOOR  •  MEASURING  I. IS'  WOE  IT  ID. S'  MICH  BY  4.5"  OCCO. 

additional  concrete  spalled  fron  mall  c  of  boon  s  measuring  b.b- 

HIDE  BY  14.6"  MICH  BY  2.25*  DEEP.  DOOFf  EDGE  OF  MALL  R  IN  BOOH  T 
SHEARED  OFF  MEASURING  4.5*  VIDE  B*  25.0*  HIGH  BY  4.5*  DECO. 
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DAMAGE  I  Y  CAGE  MALFUNCTION  -  NO  DATA.  ALL  DOORS  MERC  OPEN. 
ADDITIONAL  CONCRETE  SPALLED  FROrt  WALL  B  OF  ROOM  I  MEASURING 
77. S*  VIDE  BY  18. S'  HIGH.  RADIAL  CRACAING  SURROUNDED  THE 
BREACH  IN  THIS  VALL.  ROOF  JOINT  AT  WALL  B  IN  ROOM  I  HAS 
DEVELOPED  A  CRACK  IIS  ENTIRE  LENGTH.  ADDITIONAL  CONCRETE 
SPALLED  FROM  MALL  8  OF  ROOM  7  MEASURING  22. R'  WIDE  BY  22  8" 
HICH.  A  CRACK  DEVELOPED  OIRECTlt  ABOVE  THIS  SPALL  AREA  ON 
MALL  t  IN  ROOn  2  MEASURING  41. B'  WIDE  BY  1.5'  HICH  BY  ,S1' 
DCEP.  A  CRACK  DEVELOPED  ON  WALL  P  OUTSIDE  OF  ROOM  S  MEASURING 
R.BS"  WIDE  BY  28.8'  MICH.  EQUIPMENT  ,.JN  ROOM  (  RECEIVED  MINOR 
DAMAGE  BUT  COULD  BE  REPAIRED.  THREE  URGE  CONCRETE  PIECES 
SPALLED  FROM  WALL  R  OF  ROOM  7'S  ENTRVWAY  MEASURING  5. D*  WIDE 
BY  2C.B*  HIGH  BY  4.5-  SEEP  (Entire  THICKNESS  OF  THE  MALL)  .  CONCRETE 
SPALLED  FROM  MALL  C  OF  ROOM  1  MEASURING  IB.#*  MIME  BY  14. #•  HIGH 
BY  4.79*  DEEP. 
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DAMACEl  *  CAGE  MALFUNCTION  •  1:0  DATA.  DOOR  5  WAS  CLOSED. 
REMAINING  DOORS  MERE  OPEN.  ADDITIONAL  CONCRETE  SPALLED  PROM 
VALL  B  OF  ROOM  I  MEASURING  SI. 8'  VIDE  BY  22,S“  HICH  BY  2.5" 

DEEP.  THE  BREACH  IN  THIS  VALL  ALSO  INCREASED  TO  MEASURE  17.0" 
VIDE  BY  14.6*  MICH,  THREE  VERTICAL  AND  TWO  HORIZONTAL  REINFORCE¬ 
MENT  BARB  ON  WALL  B  IN  ROOM  I  ARE  TOTALLY  EXPOSED.  NO  DEFORM¬ 
ATION  OCCURRED.  ADDITIONAL  CONCRETE  SPALLED  FROM  WALL  C  OF 
R0W1  2  MEASURING  IB.B*  VIDE  BT  IB, 6*  HICH  BY  2,5'  DEEP.  SOME 
HAIRLINE  radial  cracking  developed  from  this  spall  area,  three 
HORIZONTAL  AND  ONE  VERTICAL  BAR  MAS  EXPOSES.  CONCRETE  SPALLED 
PROM  MALL  F  OP  ROOM  5  MEASURIW  21,76'  WIDE  By  28.8'  HIGH  BY 
S.W  DCCP.  TVO  VERTICAL  AND  THREE  HORIZONTAL  REINFORCEMENT 

bam  mere  exposed,  hairline  radial  cracking  occurred  surrounding 

TIC  SPALL  AREA,  two  MALI  DRCACHtS  OCCURRED  IN  WA.L  G  OP  ROOn  t 
WITHIN  A  CONCRETE  FP ALL  AREA  ICAtURINC  22.0“  WIDE  **  24.0*  HICK 
■T  2.0-  DBEP.  The  FIRST  HOLE  MEASURED  Z.6*  By  S.B*.  the  it  COHO 
Hour  fCASUMB  IB.B*  BY  It.B*.  ON  THE  SECOND  MOLE,  THREE  HORIZONTAL 
AND  CMS  VERTICAL  REINFORCEMENT  BAR  MAS  EXPOSED.  NO  M  FORTUM  Oh 
OCCURRED,  ADDITIONAL  CONCRETE  SPALLED  FROM  MALI.  C  OF  ROOM  7  AT  THE 
■REACH  MEASURING  11.0'  WISE  BY  20.5"  HICH  BY  t.B'  DEEP.  FIVE 
HORIlONtAL  AND  Tt*CE  vertical  REINFORCEMENT  «a*s  vF.RE  EaPOtEP. 
ADDITIONAL  CONCRETE  PIECE  FROM  The  DOORWAY  of  wall  R  IN  noon  7 
0R0*(  OFF  NEASURINC  7.0-  VI Cl  0Y  13.0-  HICH  (7  4  3  SEEP, 
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DAMAGE  i  »  CAGE  MALFUNCTION  -  NO  DATA.  ALL  DOORS  MIRE  OPEN. 
ADDITIONAL  CONCRETE  SPALLED  FROM  MALI  C  OF  ROOM  2  NEASURINC 
21. 0*  VIDE  BY  2S.5*  HICH  BY  IB"  DEEP.  THE  BREACH  IN  THIS  MALL 
EXPANDED  Tt)  IB.B'  MIX  BY  B.B*  HIGH.  THE  MALL  APPEARED  TO  DE 
VERY  WEAK.  MULTIPLE  CRACKING  OVER  ENTIRE  MALL  C.  ADDITIONAL 
CONCRETE  SPALLED  PROM  WALL  C  OF  ROOM  I  MEASURING  42  0‘  WIDE 
#v  14.#*  HICH  BY  1.25”  XEP.  ADDITIONAL  CONCRETE  SPALLED  PROM 
MALL  B  OF  ROOM  2  MEASURING  22.#'  MIX  BY  77.5'  HICH  BY  2,8* 
XEP.  the  BREACH  IN  VALL  B  IN  ROOM  2  EXPANKD  TO  MEASURE  14.0' 
VIK  BY  14. B*  HICH.  ALL  EOUIPMCNT  IN  ROOM  2  WAS  KSTROVED. 
CRACAB  HAVE  XVELCPCD  ALL  THROUGH  W«$L  M  OF  ROOM  2.  ALL 
CONCRETE  ON  MALL  N  IN  ROOM  S  VAS  SPALLED  AVAV  PROM  THE 
REINFORCEMENT,  the  KEIAFORCEiENY  WAS  NO"  Off 0» (ED .  Two  SPALL 
ARIAS  DEVELOPED  IN  WALL  D  IN  ROOn  1,  THE  FIRST  MEASURED  45.0* 

VIDE  BY  D.5"  HICH  BY  ,01-  DEEP .  the  SECOND  AREA  nEASuKEL  10.23' 

VIOC  0Y  1.25-  HICH  0Y  1.5-  DEEP.  RADIAL  CRAC»!MC  DEVELOPED 

through  the  entire  wall,  all  eouipknt  in  noon  a  was  destroyed 
ADDITIONAL  CONCRE'C  SPALLED  FROM  WALL  «  OF  *00.1  4  IN  TWO  PLACES. 

T*  FIRST  MEASUBED  20.0-  WIDE  0v  10,0-  HICH  0Y  7,25-  DEEP.  THE 
SECOND  HCASURCD  5.D"  WIDE  0Y  11.0'  WIDE  0V  I , Cl*  DEC*.  CRACKS 
OCCUR  AS  JOTH  ROOF  AND  FLOOR  JOINT J  OF  wall  D.  ’HE  0»£ACH  IN 
WALL  C  IN  ROOM  0  INCREASED  TO  la.*'  VIK  0T  10  0-  HICH. 

ADDITIONAL  CONCRETE  SPALLED  FROM  WALL  F  OF  ROOM  s  MEASURING  t,»- 
WIK  0Y  s.79-  HICH  0Y  1.0-  KCP.  A  BREACH  OCCURRED  IN  WALL  F  In 
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DAMAGE  l  t  CAC£  HALFUNCT I0H  -  NO  DATA.  ALL  DOORS  WERE  OVEN. 

additional  concrete  spalled  fron  the  areas  in  Rams 

AND  >.  Tic  (LAST  HAS  MEAAENEO  THE  CONCRETE  IN  THESE  WALLS,  all 
COUJPTCNT  JN  ROOM  2.4,  AND  «  WERE  COMPLETELY  DESTROYED.  THE 
CONCRETE  IN  WALLS  P  AND  0  IN  ROOM  9  WAS  COHPLETELY  PINO  VCD  «v 
THE  BLAST.  WALL  0‘S  REINFORCEMENT  WAS  DEFOSHED  OUTWARDS  IT. 4*. 
WALL  E  IN  ROOT  9  WAS  PUSHED  OUTWARD  S.D‘  MON  ITS  OR.CINAL 
POSITION.  WALL  E  IN  NOOK  4  SHOWS  MANY  STRESS  CRACAS  AND  ALSO 
SEPARATION  FROM  the  FLOOR  AND  RO Of  CONNECTIONS.  THIS  WAl.l 
APPEARS  AS  If  IT  WAS  NO"  TIED  INTO  THE  ROOT  SLAB.  SUE  TO  this 
SEPARATION.  SOIL  FRON  THE  EXTERIOR  FELL  INTO  ROOM  4  AND  9. 

THE  BREACH  IN  WALL  E  IN  ROOn  »  MEASURED  9D.V  VI K  ‘N5  S.B~  M|Ch. 
CONCRETE  SPALLED  FRON  VALL  E  OF  ROOH  A  IN  I  VO  PLACES.  THE  FIRS’ 

AREA  ICASURED  2B.B'  VIOE  D*  24,9'  «IC«  BY  1,79'  BEEP.  THE  SECBNB 
AREA  HEASUPEB  SB. O'  VIBE  »»  IB.S'  HIGH  IV  2.9“  BEEP.  CONCRC’C 
SPALLED  from  vail  E  OF  ROON  S  MEASURING  91. B"  VIBE  •’  4*  S'  HISH 
BY  IB'  DEEP.  ADDITIONAL  CONCRETE  SFALLEB  FROM  VAIL  F  OF  ROOM  9 
r« A SUP |Nt  4S.I'  VIBE  BY  I4.B'  HIGH  By  2. SC'  BEER.  The  BREACH  IN 
THIS  VALL  INCREASED  '0  MEASURE  9B.B"  VlBC  By  S  B'  MICH. 


CONCLUSIONS 


Loading 


The  blast-pleasure  loading  on  the  wells,  floor, 
and  roof  in  the  room  of  the  event  was  a  result  of 
reflected  overpressure  and  reflected  speoific 
impulse.  When  a  charge  is  detonated  inside  a  room, 
the  initial  shock  wave  is  identical  with  that 
obtained  in  the  open  air.  However,  onoe  this  shook 
wave  strikes  the  walls  that  surround  the  charge  It 
is  reflected  and  the  reflected  wave  bounds  back  and 

forth  among  the  walls,  floor,  and  roof  until  its 
energy  has  been  completely  transformed  Into  heat, 
vented,  or  until  the  oonfinlng  walla  fail  due  to 
the  loading.  In  most  tests  the  doors  were  left 


open  in  the  roomst  therefore,  one  must  consider 
thesa  rooms  partially  verted.  The  door  openings 
were  small  compared  to  the  total  surfaoe  area; 
therefore,  full  venting  of  the  oontalned  explosion 
did  not  ooour.  This  confinement  increased  the 
Interior  pressures,  impulses,  and  duration.  Zr, 
addition  to  the  initial  shook  wave  and  its 
reflections,  the  accumulation  of  gases  from  the 
explosion  resulted  lr  a  pressure  buildup,  and  slnoe 
the  venting  area  was  inited,  the  duration  of  the 
pressure  was  prolonged.  This  could  be  observed 
from  tho  pressure-time  curve  histories  obtsined  by 
the  plaoement  of  a  pressure  gage  In  each  of  the 
rooms  of  the  test  structure.  A  typloal  pressure- 
time  curve  for  a  point  on  a  wall  of  a  partially 
vanted  room  is  shown  in  Figure  2.  The  high  peaks 
are  the  multiple  reflections  of  the  initial  shook 
wave.  The  mean  pressure  has  a  lower  pressure 
reading  than  the  peak  pressure  reading  and  a  long 
duration  when  owpared  to  the  duration  of  the  shook 
wave  pressures.  In  this  test  program,  the  peak 
pressure  and  speoific  Impulse  were  more  important 
in  the  loading  o:  the  structure  rather  than  a  long 
duration  loading  slnoe  the  venting  process  was  s 
governoring  factor.  It  is  obvious  that  the 
pressure  from  the  detonation  moved  throughout  the 
struoture.  The  gages  in  each  of  the  rooms  mensured 
some  inoresse  in  pressure  as  the  pressure  vented 
from  the  room  of  detonation.  The  peak  pressures 
were  higher  in  the  room  of  the  event  than  the 
surrounding  rooms.  The  pressure  deoayed  rapidly  as 
it  migrated  to  the  ether  rooms.  As  the  distance 
increased  from  the  detcnatlcn  the  peak  pressure 
decreased.  The.  recorded  pressures  were  1,  wir  than 
thoaa  predioted  using  the  equations  for  blast  in  an 
enclosed  room.  This  could  be  «  result  of  the  rooms 
being  partially  vented,  The  venting  of  each  test 
could  be  observed.  V  e  main  entrance  to  the  test 
struoture  was  always  left  open  during  eaoh  test. 


TIME 


Figure  2.  Pre ssure- t ine  variation  for 

a  partially  vented  explosion. 


The  pressure  resulting  from  the  oharge  detonation 
traveled  turoughcut  the  struoture  and  finally 
vented  out  the  entranoe.  Looking  at  tht  pressure 
data,  one  could  see  how  the  migration  of  pressure 
ooourred.  If  a  door  to  a  room  was  closed  and 
undamaged  from  the  detonation  event  the  pressure 
moved  around  that  particular  roost  If  the  door  to 
a  room  was  open,  the  pressure  would  move  into  the 
room  then  move  out  again  looking  for  a  loo at Ion 
dlsparae,  normally  out  uhe  entranoe  of  the  test 


to 
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structure.  The  pressure  migration  and  the  loading 
funotlon  obtained  from  this  series  cf  Interns! 
detonation  of  explosives  a.id  the  effeots  It  has  on 
equipment,  personnel,  and  the  overall  stricture  is 
needed  to  develop  predlotlve  models.  However, 
further  numerical  studies  inoudlng  comparisons  with 
experimental  date,  will  be  needed  to  develop  a 
predlotlve  model  for  pressure  migration  and  loading 
method  for  this  type  of  struoture. 


Spallation 

Test  results  Indicated  the  spall  occurred 
primarily  due  to  direct  results  of  interference, 
ne.->r  the  free  surface  (that  area  between  the  wall 
reinforcement  and  the  outside  edge  of  the  wall  know 
as  concrete  oover),  between  the  tall  of  an  onooming 
incident  compressive  wave  (not  yet  reflected)  and 
the  reflected  tensile  wave.  The  oonorete  usually 
spalled  from  the  opposite  side  of  the  wall  from 
charge  placement.  This  spall  normally  was  as  thick 
as  the  concrete  cover.  Only  the  larger,  olose-ln 
charges  create  spall  on  the  interior  wall  faoea. 

In  a  few  cases  a  punch  through  occurred.  This 
punch  through  usually  was  a  concrete  plug  sheared 
from  the  reinforcement  pattern.  Spall  alze  and 
pattern  enlarged  in  size  as  the  charge  weight 
Increased  and  the  standoff  became  less.  After  eaoh 
test  the  previously  spalled  areas  Increased  in 
size.  This  was  the  result  of  the  Interface  between 
the  additional  loading  of  the  structure  and  the 
previously  spalled  areas.  Tha  normal  spall  pattern 
was  in  a  conical  shape.  Radial  oraoking 
surrounding  the  pattern  area  after  the  Initial 
spall  occurred.  In  some  oases  of  nonrelnforoed 
a^eas,  such  as  door  Jams,  large  sections  of 
concrete  broke  off.  Mo  spall  occurred  to  the 
floor,  roof  or  exterior  walls. 

Structural  Response 

Ir  all  of  the  tests,  the  response  of  the  walls 
were  aiuiila  •.  differing  only  in  severity.  It 
consisted  of  a  local  area  of  damage  opposite  the 
placement  of  the  charge.  1'here  was  no  structural 
damage  to  the  roof,  floor,  or  exterior  walls  during 
any  tests.  In  the  final  test,  one  interior  wall 
did  pull  away  from  the  roof  oausltig  a  separation  ir, 
concrete  and  roof  reinforcement.  The  interior  wpll 
movement  due  to  charge  detonation  indicated  the 
walls  reacted  ir,  an  overall  flexure  response, 
typical  for  a  two-way  supported  slab  under  uniform 
loading  conditions.  The  walls  tested  were  oblong 
In  shapu  and  when  loaded  they  defieotec!  in  a 
platterlike  shape.  This  was  expected  since  the 
moment  distribution  is  applied  In  the  same  pattern. 
The  damage  mechanism  is  a  result  of  point  souroe 
loading.  The  damage  area  was  In  a  circular  pattern 
with  redial  orucking  in  a  localized  a>-ea  with  seme 
cracking  along  the  wall  support  edges.  Since  the 
charges  were  bare  and  spherical  in  shape  this  type 
of  damage  was  expected.  Therefore  failure  of  the 
concrete  begins  before  any  appreciable  overall 
response  occurs  and  the  concrete  and  reinforcing 
elements  fail  locally  as  the  test  results  indicate. 
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ABSTRACT 

Present  analysis/design  of  base  courses 
beneath  runway  pavements  relies  on  simple 
compressive  laboratory  tests  to  determine 
resilient  and  permanent  deformation  behavior.  The 
results  and  approach  are  shown  to  be  unconser¬ 
vative,  and  Improved  analytical  representation  Is 
warranted.  Since  a  moving  wheel  load  Involves 
continuous  principal  plane  rotations,  the 
significance  of  anisotropy  on  the  stress-strain- 
strength  response  of  sands  under  a  general  loading 
program  Is  reported.  The  paper  concludes  with 
present  "strte-of-the-art"  analytical  characteri¬ 
zation  of  arbitrary  loading,  and  the  ongoing 
research  at  the  University  of  Florida  In  the 
development  of  Improved  constitutive  relationships 
for  granular  materials  subject  to  moving  wheel 
loads. 


INTRODUCTION 

One  of  the  most  significant  factors  affecting 
the  serviceability  of  pavement  systems  Is  the 
physical  and  mechanical  characteristics  of  the 
soil  over  which  the  pavement  Is  constructed. 
Common  modes  of  distress,  such  as  fatigue, 
fracture,  distortion,  and  rutting,  may  In  many 
cases  be  directly  linked  to  the  behavior  of  the 
underlying  supportive  soil  (1,2). 

Current  methods  of  pavement  design  and 
analysis  depend  heavily  on  a  combination  of 
multiple  elastic  layer  theory  and  laboratory  tests 
(1,3,4).  The  elastic  theory  Is  used  to  determine 
the  states  of  stress  and  strain  In  the  soll- 
structure  system,  and  laboratory  tests  are  In  turn 
employed  to  determine  the  fatigue,  rutting,  and 
distortion  (resilient)  characteristics  of  the 
pavement  and  the  supportive  material.  A  typical 
sequence  In  the  prediction  of  rutting  and 
distortion  of  the  base  course  Is  as  follows  (3): 
1)  representative  elastic  parameters  of  the 
material  are  selected  based  on  experience,  2) 
using  linear  elastic  theory,  the  stresses  beneath 
a  stationary  flexible  quasi -static  circular  load 


are  determined  for  a  representative  point  In  the 
ground,  and  3)  a  Resilient  Modulus  Test  (2,6)  Is 
subsequently  performed  with  the  prescribed 
stresses  ascertained  from  Step  Two  to  obtain  the 
permanent  deformation  (rutting),  and  an  elastic 
resilient  modulus  for  later  use  in  multilayer 
analysis  (distortion)  (4). 

However,  the  present  approach  of  character¬ 
izing  the  base  course  with  regards  to  analysis  and 
design  suffers  from  a  number  of  severe  limita¬ 
tions.  For  example,  the  laboratory  Resilient 
Modulus  Test  uses  only  cyclically  varying  axial 
compressive  loading  with  fixed  principal  planes, 
whereas  the  actual  field  behavior  may  Involve 
extension  stress  states  as  well  as  large  rotation 
of  principal  planes.  Figure  1  depicts  the  stress 
paths  obtained  at  two  representative  fixed  points 
In  the  ground  from  quasi -static  elastic  theory  due 
to  an  approaching  circular  load  (movl ng  wheel ) . 


Figure  1.  Stress  Paths  for  Moving  Wheel  Loading. 

Since  the  resilient  test  only  varies  the  axial 
load,  the  positive  portion  or  each  stress  path  In 
Figure  1  Is  commonly  cycled  In  a  trlaxlal 
environment.  Figure  2  plots  the  response  of  such 
a  test  on  a  typical  Florida  sand  (7).  Shown  In 
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Axial  Stress 


Figure  2.  Stress-Strain  Response  of  Fairbanks 
Sand  Undergoing  Cyclic  Compressive  Loading, 
Initial  Stress  12.5  psl . 

Figure  3  1$  the  measured  stress-strain  behavior 
for  the  complete  stress  path  (Fig.  2)  which  has 
undergone  six  cycles  of  loading  (7).  Evident  from 
a  comparison  of  the  two  figures  Is  that  the 
permanent  deformation  (rutting)  Is  about  one  and 
one  half  times  greater  In  the  moving  wheel  test 
(Fig.  3)  than  In  the  Resilient  modulus  test 
(Fig.  2),  and  the  resilient  modulus  1$ 
approximately  twice  the  value  calculated  In  the 
moving  wheel  experiment.  Since  the  measured 
behavior  Is  on  the  unconservative  side,  the 
results  suggest  that  Improved  methods  In  the 
analysis  and  design  of  the  base  courses  are 
warranted. 


in 


Figure  3.  Stress-Strain  Response  of  Fairbanks 
Sand  Undergoing  Moving  Wheel  Stress  Path, 
Initial  Stress  5  psl . 

The  design  of  optimum  runway  pavements  Is  a 
coupled  boundary  value  problem  Involving  the 
Interaction  of  the  pavement,  base  course,  and  In 
situ  soil.  In  order  for  the  design  to  be  viable. 
Improved  consltltutlve  relations  for  the  soil  must 
be  developed  which  includes  the  capability  of 


simulating  permanent  strain  buildup,  as  well  as 
resilient  behavior  during  cyclic  loading.  Since 
the  characteristics  of  soil  Is  highly  dependent 
upon  past  history,  composition,  and  current 
stress-strain  state,  such  a  model  must  have  the 
capacity  of  representing  rotation  of  planes. 
Inherent,  and  stress -Induced  anisotropy,  but 
should  remain  simple  enough  to  obtain  model 
parameters  from  readily  available  trl axial  test. 
Reported  herein  Is  the  ongoing  research  at  the 
University  of  Florida  In  the  development  of  a 
cyclic,  phenomenological,  elasto-plastlc  Bounding 
Surface  constitutive  model  for  granular  material 
which  explicitly  (or  Implicitly)  accounts  for  the 
Influence  of  anisotropy  on:  1)  the  plastic  flow 
rate  direction,  2)  the  plastic  modulus,  and  3)  the 
strength  variation  that  results  from  a  rotation  of 
the  principal  stress  axes.  Specifically,  the 
paper  reports  on  the  experimental  observed  stress- 
strain  and  strength  behavior  of  soils  exhibiting 
anisotropy  subject  to  rotation  of  planes,  and  the 
ability  of  present  *state  of  the  art”  constitutive 
relationships  In  predicting  such  behavior.  Since 
most  pavement  base  and  subbase  materials  are 
granular,  the  Investigation  dealt  only  with  dry 
sands. 

EXPERIMENTAL 

In  1944  Casagrande  and  Carlllo  (7)  distin¬ 
guished  between  two  forms  of  anisotropy  In  solls- 
Inherent,  and  stress-induced.  Inherent  anisotropy 
was  defined  as  ‘physical  characteristics  Inherent 
In  the  material,  and  entirely  Independent  of  the 
applied  strains,”  whereas  Induced  anisotropy  was 
stated  as  ”due  exclusively  to  the  strains 
associated  with  the  applied  stresses.”  Although 
these  definitions  were  developed  to  describe 
strength,  Arthur  et  al .  (8)  considers  them  equally 
applicable  to  stress-strain  behavior.  The 


SCALE 


Figure  4.  Directional  Shear  Cell  Apparatus, 
Arthur  (9). 
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complexity  of  characterizing  Inherent  and  stress 
Induced  anisotropy  In  combination  Kith  principal 
plane  rotations  Indicates  that  the  phenomenon  Is 
most  appropriately  Investigated  by  studying  each 
separately. 

A  testing  apparatus,  developed  specifically 
to  Investigate  anisotropy.  Is  depicted  in  Figure 
4.  The  Directional  Shear  Cell  (9),  sometimes 
referred  to  as  DSC  device,  allows  the 
investigation  of  Inherent  or  stress-induced 
anisotropy  Independently  nf  one  another  under  a 
controlled  rotation  of  the  principal  planes.  As 
seen  from  the  figure,  orientation  of  the  principal 
axes  'is  controlled  by  the  tanslon  In  the  pulling 
sheets  and  flexible  pressure  bags.  Plotted  In 
Flgur-e  5  Is  the  measured  stress  strain  responses 
of  dense  pluvlated  (air  rained)  Leighton  Buzzard 
sand  specimens  tested  In  the  DSC  under  a  number  of 
horizontal  principal  plane  rotations.  The 
measured  response,  within  limits,  gives  a  unique 
stress-strain  curve  Independent  of  principal  plane 
orientation.  Based  on  such  behavior,  Arthur  (9) 
reports  that  most  sands.  If  deposited  from  a 
vertical  direction,  and  subsequently  sheared  under 
horizontal  monotonic  loading,  exhibit  transverse 
Isotropic  material  response.  If  however,  the  sand 
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Figure  5.  Stress  Ratio  Versus  Principal  Strain, 
Under  Monotonic  Loading  with  Principal  Plane 
Orientation,  ♦,  Arthur  (9). 

specimen  Is  subject  to  a  prior  loading,  the 
stress-strain  response  1$  completely  altered  as 
Illustrated  In  Figure  6.  The  results  presented  In 
the  figure,  are  the  measured  stress-strain  curves 
obtained  from  loading  to  sixty  percent  of  failure 
under  various  principal  plane  orientations, 
followed  by  unloading,  and  subsequent  reloading 
along  new  principal  plane  orientations  (see 
legend).  Inspection  of  the  figure  Illustrates  the 
significant  Influence  stress -Induced  anisotropy 
has  on  the  measured  stress-strain  behavior. 
Similar  results  have  been  observed  by  other 
researchers  In  different  testing  apparatuses  (10), 


Figure  6.  Stress-Induced  Anisotropic  Response  In 
Second  Load  Application  for  Leighton  Buzzard 
Sand,  Arthur  (9). 

Inherent  anisotropic  material  response  Is 
usually  attributed  to  the  soil's  composition 
(particle  shape,  gradation,  etc.)  and  fabric 
(11,12).  The  latter  Is  directly  related  to  the 
mechanical  processes  under  which  a  soil  1$  formed 
or  artificially  constructed.  For  example,  Oda 
(11)  used  pluvlation  (pouring  through  air)  to 
construct  sand  (Toyoura)  specimens  for  a  cubical 
plane  strain  apparatus  oriented  with  different 
bedding  angles  from  the  horizontal  and  was  clearly 
able  to  demonstrate  the  Influence  of  the  Inherent 
anisotropic  phenomena  on  the  material's  strength 
(Fig.  7).  Depicted  In  Figure  8  Is  the  monotonic 
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Figure  7.  Variation  In  Strength  Due  to  Bedding 
Orientation,  5,  Oda  (11). 

response  of  dense  Reid  Bedford  sand  specimens 
tested  In  a  hollow  cylinder  apparatus,  under  a 
general  loading  program  (12).  Alsu  shown  In  the 
figure,  are  the  principal  plane  orientations  for 
each  test.  Since  moving  wheel  stress  paths 
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Involv*  continuous  rotation  of  the  principal 
planes,  the  test!  lend  considerable  Insight  Into 
the  stress-strain  response  of  an  Inherent  aniso¬ 
tropic  sand  prior  to  the  stress -Induced  Influences 
(cyclic  loading).  Presented  In  Figure  9  Is  an  1n- 
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Based  on  the  presented  experimental  results, 
one  can  spy  with  confidence  that  anisotropy  plays 
a  significant  role  In  the  stress-strain  and 

strength  behavior  of  a  granular  media.  Due  to  the 
nature  of  construction  (vertical  vibration  In 
direction  of  deposition)  and  loading  (cyclic 
moving  wheel  stress  path)  It  Is  reasonable  to 
expect  that  base  materials  will  exhibit 
considerable  anisotropic  behavior  during  their 
service  life.  Therefore,  for  Improved 
analysis/design  of  runway-base  systems,  the 
constitutive  characterization  of  the  base  material 
must  be  capable  of  capturing  anisotropy. 
Presented  next  Is  a  current  "state  of  the  art* 

prediction  of  a  generalized  loading  response 

observed  In  the  hollow  cylinder  device.  Note, 
this  does  not  Involve  cyclic  loading  but  only 

Investigates  the  behavior  of  an  Initially  Inherent 
anisotropic  specimen  subject  to  a  monotonic  load 
with  a  fixed  principal  plane  direction  other  than 
*ts  material  fabric  alignment;  the  first  step 
before  cyclic  loading  In  the  simulation  of  a 
passing  moving  wheel. 


Figure  8.  Principal  Stress  Versus  Strain 
Difference  of  Monotcnlcally  Loaded  Reid 
Bedford  Sand  Under  General  Principal  Plane 
Orientation,  Saada  (12). 

house  study  an  the  Influence  of  the  magnitude  of 
prior  shearing  (amount  of  'Stress -Induced 
anisotropy)  on  spherical  loading  strain  ratios  for 
the  same  Reid  Bedford  sand  presented  earlier.  The 
loading  Is  semi -representative  of  a  moving  wheel 
passing  points  of  different  elevation  In  the 
field.  The  prior  axial  compression  load  was  zero, 
twenty,  forty,  and  sixty  percent  of  the  Mohr- 
Coulomb  compressive  strength.  The  figure  also 
depicts  the  response  for  Isotropic  material 
behavior.  Apparent  from  the  figure  Is  the 
Inherent  and  stress-induced  anisotropic  Influences 
and  some  support  for  the  belief  that  stress- 
induced  anisotropy  may  be  erased  under  extremely 
high  Isotropic  loading  If  prior  shearing  Isn't 
excessive. 


ANALYTICAL 

A  review  of  the  literature  on  phenomeno¬ 
logical  plasticity  theory,  as  It  relates  to  soil 
mechanics,  uncovered  only  a  single  model  which  was 
capable  of  realistically  simulating  the  nonlinear, 
anisotropic,  elasto-plastlc  hystcretlc,  path 
dependent,  and.  In  particular,  cyclic  stress- 
strain  behavior  of  sand:  the  Prevost  pressure- 
sensitive,  Isotropic/kinematic  hardening  model 
(13).  This  model  may  appear  Intractable  and  too 
complex  to  many  practitioners,  but  stress-induced 
as  well  as  Inherent  anisotropy  Is  accounted  for  In 
a  realistic  manner,  and  It  may  be  the  simplest  yet 
most  complete  analytical  representation  of  elasto- 
plastlc  anisotropic  hardening  (14). 

The  anisotropic  hardening  behavior  In  the 
model  Is  described  through  a  field  of  plastic 
shear  moduli  and  a  corresponding  set  of  nested 
yield  surfaces  In  stress  space  as  depicted  In 
Figure  10.  The  yield  surfaces  are  both  free  to 
translate  and  change  size  In  stress  space  at  the 
same  time.  Individual  plastic  moduli  are  constant 


Figure  10.  Prevost's  Multi-Yield  Surfaces  In 
Axial  Stress  Space. 


Figure  9.  Vertical  Versus  Horizontal  Strain 
Response  of  Reid  Bedford  Sand  Under  Spherical 
Loading  with  Prior  Shears. 


on  each  surface,  however  the  complete 
description  of  the  constitutive  behavior  Is 
dependent  on  the  stress  path  between  the  surfaces 
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and  the  relative  configuration  of  the  surfaces 
with  respect  to  one  another.  Evaluation  of  the 
model  constants  requires  the  Initial  positions  and 
sizes  of  relevant  yielding  surfaces  from 
consolidation  data  and  conventional  trlaxlal 
compression  (Increased  axial  load,  CTC)  and 
extension  (decreased  axial  loading,  RTE)  tests  at 
the  consolidation  stress  level  of  Interest,  The 
model  has  been  Independently  coded  and  verified  at 
the  University  of  Florida. 

Fifteen  presently  unpublished  hollow  cylinder 
tests,  subject  to  a  general  loading  program 
(Fig.  9)  were  made  available  from  Saada  at  Case 
Western  Reserve  University.  Two  of  these  tests, 
the  RTC  and  CTC,  and  a  published  series  of  Kg 
consolidation  tests  performed  at  the  U.S.  Army 
Waterways  Experimental  Station,  WES  (15),  were 
used  to  obtain  the  model  *s  parameters .  The  rest 
of  the  hollow  cylinder  results  were  predicted  with 
the  Prevost  pressure  sensitive  model.  Figure  11 
shows  the  model *s  exact  reproduction  of  the 
conventional  trlaxlal  compression  data  (CTC)  used 
in  the  calibration. 
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“  PRINCIPAL  STRAIN  DIFFERENCE  (X  10**-2) 

Figure  11.  Measured  and  Predicted  Principal 

Stress  Versus  Strain  Difference  of  Reid 

Bedford  Sand  Under  Conventional  Trlaxlal 
Compression  Loading 

Figure  12  depicts  the  model's  prediction  of  a 
constant  mean  stress  (30  psl)  test  In  which  the 
principal  planes  were  oriented  31.75  degrees  from 
the  vertical. 

Obviously,  such  a  brief  Investigation  Is  not 
sufficient  for  Judgment,  but  preliminary 
Indications  are  that  the  Prevost  analytical 
representation  does  not  qualitatively  or 

quantitatively  simulate  the  observed  behavior; 

this  outcome  underscores  the  need  for  continued 
fundamental  research. 

Presently,  research  Is  underway  at  the 
University  of  Florida  In  the  development  of  an 
Improved  bounding  surface  plasticity  model  which 
specifically  addresses  anisotropy  and  rotation  of 
planes  with  regards  to  a  passing  moving  wheel 
load.  Even  though  an  earlier  model  (6)  had  some 
success  In  characterizing  a  cyclic  ninety  degree 
jump  In  principal  stresses,  the  newer  version  will 
Incorporate  a  number  of  Improvements:  1)  a  more 
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Figure  12.  Correlation  Between  Measured  and 
Predicted  Principal  Stress  Versus  Strain 

Difference  for  Reid  Bedford  Sand  with  Principal 
Planes  Oriented  31.75"  and  a  Constant  Mean  Stress 
of  30  psl . 

tractable  functional  representation  of  the 

Isotropic  consolidation  surface  along  Its 

meridional  axis,  2)  an  allowance  for  the  Influence 
of  Intermediate  principal  stress  by  replacing  the 
Mlses  circle  on  the  octahedral  plane  with  a  more 
realistic  representation  (17),  3)  parametric 

control  of  the  size  of  the  bounding  surface  which 
will  be  useful  In  modeling  jump  rotations  of  the 
principal  stress  axes,  4)  Incorporation  of  the 
soil  “fabric"  tensor  to  capture  the  sysnmetry  and 
Intensity  of  the  stress -Induced  as  well  as 
Inherent  anisotropy,  and  5)  an  option  for 
predicting  flow  using  i  varying  non -associated 
flow  rule  (18).  In  regards  to  tasks  3  and  4,  It 
Is  envisioned  that,  depending  upon  the  angle 
between  the  spatial  mobilized  plane  and  minor 
eigenvector  of  the  fabric  tensor,  a  functional 
relationship  between  strength  and  this  angle  can 
be  proposed.  Variations  In  strength  are,  of 
course,  manifest  In  purely  Isotropic  processes  of 
the  bounding  surface.  From  physical  Intuition,  we 
also  expect  that  this  level  of  strength  variation 
will  depend  on  the  Intensity  of  the  anisotropy 
(mathematically  depicted  In  terms  of,  say,  the 
second  Invariant  of  the  devlatorlc  tensor).  This 
refined  model  will  subsequently  be  used  to  predict 
all  laboratory  obtained  hollow  cylinder, 
Directional  Shear  Cell,  and  In-house  cyclic  test*:. 

CONCLUSIONS 

Current  methods  cf  predicting  pavements' 
subbase  and  base  deformation  relies  almost 
exclusively  on  cyclic  laboratory  tests  Involving 
only  variations  In  axial  load.  However,  using 
more  realistic  representation  of  the  moving  wheel 
stress  path  (ninety  degree  jump  rotations  In 
principal  planes)  reveals  that  the  present  methods 
of  predicting  permanent  deformation  and  resilient 
behavior  to  be  unconservative  by  as  much  as  a 
factor  of  two.  These  variations  are  attributed  to 
the  complex  nature  of  the  soli  In  which  Its 
response  Is  controlled  by  past  history,  current 
state,  composition,  and  method  of  formation.  All 
may  lead  to  the  development  of  anisotropy,  and 
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under  a  general  loading  program,  have  a 
significant  Influence  on  the  stress-strain  and 
strength  behavior  of  granular  materials.  In  order 
for  present  design  to  be  Improved,  a  more  complete 
analytical  statement  ^n  anisotropy  under  cyclic 
principal  plane  rotation  must  be  developed.  A 
review  of  a  present  "state  of  the  art"  analytical 
characterization,  reveals  Its  inability  to  capture 
strength  under  a  general  monotonlc  loading.  With 
laboratory  obtained  hollow  cylinder  data, 
Directional  Shear  Cell  results,  and  presently 
ongoing  In-house  cyclic  trlaxlal  tests,  an 
Improved  phenomenological  bounding  surface 
plasticity  mode  is  under  development  at  the 
University  of  Florida  which  should  result  In  a 
more  realistic  pavement-base  analysis  and  design. 
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ABSTRACT 


PROPOSED  MODEL  FOR  CRACK  PROPAGATION 


A  fracture  mechanics  based  theoretical  model 
Is  presented  to  predict  the  crack  propagation 
resistance  of  fiber  reinforced  cement  based  com¬ 
posites.  Mode  I  crack  propagation  and  steel 
fibers  are  treated  In  the  proposed  model.  The 
mechanism  of  fracture  resistance  for  FRC  can  be 
separated  as:  subcrltlcal  crack  growth  In  matrix 
and  beginning  of  fiber  bridging  effect;  post 
critical  crack  growth  In  matrix  such 
that  K.  *  Kj  where  K,  Is  the  net  stress  Intensity 
factor ‘due  to  the  apptled  load  and  the  fiber 
bridging  closing  stresses;  and  a  final  stage  where 
the  resistance  to  crack  separation  Is  provided 
exclusively  by  fibers.  The  response  of  FRC  during 
all  these  stages  was  successfully  predicted  from 
the  knowledge  of  matrix  fracture  properties  and 
the  pull-out  load  vs.  slip  relationship  of  single 
fiber.  The  model  was  verified  with  the  results  of 
experiments  conducted  on  notched  beams  reported 
here. 


INTRODUCTION 

Research  conducted  during  the  last  twenty 
years  has  shown  that  the  addition  of  fibers  sig¬ 
nificantly  Improves  penetration,  scabbing  and 
fragmentation  resistance  of  concrete.  The  pos¬ 
sible  application  of  fiber  reinforced  concrete 
(FRC)  Include  explosion  and  shock  resistant  pro¬ 
tective  structures.  Even  though  the  enhanced 
“cracking  res1slance“  Is  the  most  Important 
attribute  of  FRC,  there  are  no  rational  methods  of 
measuring  or  predicting  this  Important  material 
property. 

In  this  paper  a  fracture  mechanics  based 
theoretical  model  Is  presented.  To  aid  In  de¬ 
velopment  of  the  proposed  theoretical  model, 
experiments  were  conducted  on  unreinforced  and 
steel  fiber  reinforced  notched  beam  specimens  of 
various  sizes. 
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The  fracture  resistance  of  fiber  reinforced 
concrete  is  dominated  by  the  coupling  effects 
between  fiber  and  matrix.  As  cracks  start  prop¬ 
agating  in  matrix,  fibers  tend  to  resist  further 
crack  propagation.  To  accurately  predict  this 
fiber  bridging  mechanism,  the  crack  propagation  In 
unreinforced  matrix  Is  first  described. 

Unreinforced  Matrix 


Crack  propagation  (only  Mode  I  Is  considered 
here)  In  plain  matrix  (portland  cement  paste, 
mortar  and  concrete)  can  be  separated  Into  four 
stages.  Prior  to  crack  Initiation,  the  load  vs. 
load-point  deflection  response  can  be  considered 
essentially  linear  (Fig.  la)  when  the  stress 
Intensity  factor  (Kj)  Is  less  than  half  the  crit¬ 
ical  stress  Intensity  factor  (Kjc). 

The  shape  of  the  load  vs.  load-point  curve 
becomes  nonlinear  and  significant  permanent  dis¬ 
placements  are  observed  upon  unloading  in  the 
nonlinear  range  (K  g.  lb).  The  Inelastic  dis¬ 
placement  during  cracr.  growth  In  cement  based 
composites  Is  primarily  due  to  friction  associated 
with  roughness  of  cracks  and  geometrical  inter¬ 
lock. 


The  structure  reaches  Its  critical  load 
carrying  capacity  when  the  critical  stress  In¬ 
tensity  factor  Kj  Is  reached  (Fig.  lc).  Note 
that  the  value  or  the  critical  stress  Intensity 


factor  as  defined  here  depends  on  the  effective 
crack  length  (a)  which  Is  the  sum  of  the  effective 
nonlinear  crack  growth  (t„)  and  the  Initial  notch 
(a0).  To  calculate  the  critical  stress  Intensity 
factor  Inelasatlc  displacements  must  be  separated 
from  the  total  response  as  will  be  detailed  later. 


If  the  structure  Is  loaded  at  a  moderate  rate 
using  the  displacement  control,  then  cracks  prop¬ 
agate  In  a  steady  state  (In  the  sense  of  Kj) 
condition  and  the  softening  type  of  post-peak 
response  1$  observed  (Flu.  Id).  During  this 
state,  the  stress  Intensity  factor  continues  to  be 
equal  to  Kj  ,  the  crack  continues  to  grow  while 
the  load  1$  dropping. 
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Fiber  Reinforced  Composites 

The  prediction  of  the  response  of  the  fiber 
reinforced  composites  ( FRC)  containing  an  Initial 
notch  of  length  a0  can  be  facilitated  by  dividing 
the  response  Into  three  stages  (Fig.  2). 

(a)  Linear  Range: 

Within  the  linear  range  of  the  unreinforced 
matrix  (Fig.  la)  the  FRC  also  behaves  linearly. 
The  Initial  Young's  modulus  for  FRC  may  be  dif¬ 
ferent  than  that  for  matrix  depending  upon  the 
amount  of  fibers. 


DETERMINATION  OF  CRITICAL  STRESS  INTENSITY 
FACTOR  (Kf.)  AND  CRITICAL  CRACK  TIP 
OPENING’  DISPLACEMENT  (CTODc) 

The  proposed  model  Is  applicable  In  general 
to  specimens  or  structures  of  any  geometry.  To 
experimentally  verify  and  numerically  demonstrate 
the  model,  notched  beam  specimens  which  were 
simply  supported  and  centrally  loaded  (the  so- 
called  three-point  bend  specimen)  were  tested.  To 
demonstrate  the  validity  of  K^c  as  a  valid  mate¬ 
rial  parameter,  specimens  of  varying  sizes  and 
made  with  cement  paste,  mortar  and  concrete  were 
tested. 


(b)  Nonlinear  Crack  Growth: 

When  the  stress  Intensity  factor  (calculated 
using  the  conventional  linear  elastic  fracture 
mechanics  -  LEFM)  becomes  greater  than  half  the 
critical  stress  Intensity  factor  (Kfc)  nonlinear 
crack  growth  commences  and  the  fibers  will  tend  to 
resist  this  growth.  The  fiber  bridging  forces 
will  depend  on  the  total  crack  opting  displace¬ 
ment  while  the  calculations  of  stress  Intensity 
factor  will  depend  on  the  effective  crack  growth 
and  the  elastic  crack  opening  displacement.  It  Is 
assumed  that  the  crack  profile  and  the  critical 
effective  crack  extension  remain  the  same  for  FRC 
as  those  for  unreinforced  matrix. 


The  total  load  P  acting  on  the  composite 
structure  can  be  divided  Into  three  parts  (Fig. 

3)  *  U  f  f 

P  -  PM  +  pj  +  pj  (1) 

where  M  Is  the  contribution  due  to  matrix  and  Is 
related  to  K.,  Is  related  to  kI  and  accounts 
for  the  singularity  effect  due  to*f1ber  bridging, 
and  Pj  satisfies  global  equilibrium  due  to  fiber 
bridging  forces  (Fig.  3). 

Note  that  the  value  of  P  for  FRC  does  not 
necessarily  attain  a  maximum  when  K?  just  reaches 
Kjc.  Depending  upon  the  volume  of  fibers,  the 
maximum  load  for  FRC  may  occur  for  a  larger  crack 
length  than  that  corresponding  to  the  peak  lead  In 
the  unrelnfcrced  matrix  (Fig.  2). 


As  a  result  of  the  nonlinear  slow  crack 
growth  prior  to  the  peak  load  one  cannot  use  the 
Initial  notch  length  (a0)  to  calculate  KIc  from 
measured  maximum  load  and  using  LEFM.  An  effec¬ 
tive  crack  length  a  ■  a0  +  tec  was  defined  such 
that  the  measured  elastic  crack  mouth  opening 
displacement  (CM0De)  and  that  calculated  uslny 
this  length,  measured  load  and  LEFM  were  equal. 
Once  the  effective  crack  length  Is  determined  (an 
Iterative  procedure  was  employed)  then  the  values 
of  Kf.  and  CTOOc  c«n  be  calculated  using  LEFM. 

From  the  experimental  results  and  calculations  It 
was  observed  that:  1.  The  value  of  K?  calcu¬ 
lated  as  proposed  Is  essentially  Independent  of 
the  geometry  of  the  beam  specimens.  This  was  not 
true  for  the  conventional  method  of  calculating 
fracture  toughness  based  on  a0  and  [1,2]. 

2.  The  values  of  the  critical  cracttip  opening 
displacement  for  mortar  specimens  (CT00c)  can  be 
approximately  considered  Independent  of  tne  dimen¬ 
sions  of  the  beams  [3]. 


RESISTANCE  PROVIDED  BY  FIBERS 


The  resistance  offered  by  fibers  (only  steel 
fibers  are  considered  here)  depends  primarily  on 
the  Interfacial  bond  between  the  fibers  and  the 
matrix.  This  Is  because  of  the  short  length  (of 
the  order  of  25mm)  of  the  fibers  and  rather  weak 
zone  In  the  matrix  that  is  observed  In  surrounding 
fibers.  It  1$  assumed  that  the  fiber-bridging 
forces  can  be  calculated  from  the  pull-out  test 
results  of  single,  aligned  fibers. 


(c)  Completely  cracked  matrix: 

When  the  crack  opening  displacement  (CMOD  In 
Fig.  2)  becomes  very  large,  the  resistance  offered 
by  metrlx  becomes  negligible  and  eventually  the 
stress  Intensity  factor  (Kj)  becomes  zero. 

Further  crack  separation  Is  now  mainly  resisted  by 
fibers.  At  this  stage  the  load  (P)  and  the 
corresponding  CMOD  can  be  calculated  from  only  the 
global  equilibrium  consideration.  That  Is: 

P  ■  Pi  (4) 


From  the  experimental  results  of  the  pull-out 
tests  [4,  5]  It  was  observed  that  the  pull-out 
load  vs.  slip  relationship  can  be  expressed  only 
as  a  function  of  the  maximum  pull-out  stress  and 
the  length  of  the  fiber. 

The  maximum  pull-out  stress  will  depend  on 
the  number  of  fibers  crossing  the  cracked  sur¬ 
faces,  that  Is,  on  the  volume  fraction  of  fibers. 

CALCULATION  OF  LOAD-CMOD  CURVES 
FOR  FIBER  REINFORCED  COMPOSITES 

The  procedure  Involves  calculating  the 
applied  load  and  the  corresponding  CMOD  for  a 
fixed  value  of  the  effective  crack  extension 
(afl  ♦  i  ).  The  procedure  Is  repeated  for  dif¬ 
ferent  increasing  values  of  z  and  the  associated 
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value  of  K»  (which  Is  a  function  of  te)  to  obtain 
the  entire  P-CMOD  response.  For  example.  In  the 


f  To  determine  the  stress  Intensity  factor 
(K j)  due  to  fiber  bridging,  the  stress  Intensity 
fadtor  of  a  crack  In  an  Infinite  strip  of  unit 
thickness  subjected  to  a  unit  point  load  was  used 
as  Green's  function  and  Integrated  over  the 
closing  pressure  zone.  S1m11arly*Pi  and  Kl  can  be 
related  by  Eq.  3.  The  value  of  P*  ts  determined 
from  global  equilibrium  condition; 

CALCULATIONS  OF  LOAD-DEFLECTION  RESPONSE  OF  FRC 

To  relate  the  loads  with  the  load-point 
deflection  analytically,  the  concept  of  global 
energy  balance  was  used.  The  total  strain  energy 
release  rate  (termed  Gr)  for  the  critical  section 
can  be  derived  and  expressed  as  elastic  and  In¬ 
elastic  energy  consumption  during  new  crack  for¬ 
mation. 

For  a  certain  amount  of  Increment  of  effec¬ 
tive  crack  extension,  the  total  energy  absorbed 
determined  from  Go  vs.  t.  Is  equated  to  that 
obtained  from  the  lead  vs.  load-point  deflection 
curve.  From  this  equality  and  knowing  the  R- 
curve,  deflections  can  be  determined.  It  was 
assumed  that  unloading  was  elastic  prior  to  peak 
whereas  for  load-deflection  curve  beyond  the  peak. 
It  was  assumed  that  the  elastic  deflection  after 
unloading  remained  constant  and  was  equal  to  that 
at  the  peak.  More  details  about  the  derivation  of 
load-deflection  and  load-CMOD  relationship  are 
given  In  Ref.  6. 

TEST  PROGRAM 

Three  point  bend  test  was  used  to  verify  the 
validity  of  the  proposed  model.  Fiber  reinforced 
beams  with  dimensions  11  In  (280mm)  x  3  In  (76mm) 
x  6.75  In  (19.1mm)  (span  x  depth  x  thickness)  and 
different  fiber  volume  fractions  (ranging  from  OX 
to  1.5t)  were  prepared.  One  Inch  long  brass 
coated  smooth  steel  fibers  with  0.016  In  diameter 
were  used.  Four  different  series  with  the  same 
mortar  matrix  were  cast. 

DISCUSSION  OF  TEST  RESULTS 

The  material  properties  of  unreinforced 
matrix  were  directly  calculated  from  the  experi¬ 
mental  results. 

To  account  for  distribution  of  fibers  from 
section  to  section  of  the  beam,  from  beam  to  beam 
and  to  Include  spatial  distribution  at  a  given 
section  an  effective  volume  fraction  Vef  rather 
than  global  volume  fraction,  Vf  was  used  In  the 
theoretical  analysis. 


The  experimental  results  of  load-CKOD  curves 
for  beams  made  with  different  fiber  volume  frac¬ 
tions  (Including  unreinforced  matrix)  are  plotted 
In  Fig.  4  and  compared  with  the  theoretical  pre¬ 
diction.  The  theoretical  prediction  Is  judged  to 
be  quite  satisfactory.  Good  agreement  was  also 
found  between  the  theoretical  prediction  and 
experimental  results  of  load-deflection  curves 
(Fig.  5).  rig.  6  shows  a  plot  of  peak  load  values 
vs.  effective  fiber  volume  fractions.  The 
strength  of  FRC  beams  with  effective  fiber  volume 
fraction  of  2.5X  Is  about  twice  the  strength  of 
unrelnforced  matrix.  The  Go  values  at  l  equals 
1.3  In.  (a/b  »  0.933)  are  plotted  In  Fig;  7  for 
different  values  of  V It  can  be  seen  that  the 
energy  absorption  ability  for  beams  with  V»f  ’ 

2.5X  Is  about  30  times  that  of  unrelnforced 
matrix.  In  comparison  to  the  Improvement  of 
energy  absorption,  the  strength  Improvement  due  to 
addition  of  fibers  Is  less  significant.  This  was 
also  shown  hy  Shah  and  Rangan  [7]. 
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Fig.  1-  Fracture  Resistance  Stages  of  Unreinforced  Matrix 
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Fig.  2-  Fracture  Resistance  Mechanisms  of  Fiber  Reinforced  Concrete 


Fig.  3-  Compositions  of  External  Load  Applied  on  a  Fiber  Reinforced  Structure 
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Fig.  4-  Comparison  of  Theoretical  Prediction  and  Experimental 
Results  of  load-CMOO  curves 
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ABSTRACT 

Concrete  plates  reinforced  by  steel  an  fibre  have 
been  experimentally  Investigated  In  a  blast-load- 
simulator.  The  Influence  of  the  content  of  fibre  on 
the  load  carrying  capacity  Is  calculated  for  the 
static  and  dynamic  case  compared  with  experiments. 
The  results  of  yield-line-theory  are  applied  for 
the  determination  of  static  behavior,  whereas  the 
dynamic  response  Is  computed  on  the  basis  of  a  one- 
degree-of  freedom  system  with  elasto-plastlc  resist¬ 
ance  function.  The  loading  with  an  Ideal  blast-wave 
Is  compared  with  the  experimental  results  obtained 
In  the  simulator. 

INTRODUCTION 

The  advantageous  physical  properties  and  the 
large  working  capacity  of  fibre  reinforced  concrete 
lead  to  the  Investigation  of  Its  application  In  the 
case  of  bending  stress  and  area  loading.  Beside  the 
behaviour  under  static  load,  the  dynamic  response 
is  of  primary  Interest. 

Since  the  fibre  cuts  are  oriented  at  random 
their  effectlvlty  especially  under  multlaxlal  stress 
is  expected  to  be  good.  For  the  study  of  this  behav¬ 
iour  scaled  experiments  were  carried  through  with 
slabs  of  different  geometry  and  supports. 

Aim  of  the  Investigation  was  to  determine  the 
behaviour  of  fibre  concrete  under  flexural  stress 
and  the  conditions  which  allow  its  application  e.g. 
in  the  construction  of  shelters.  The  basis  for  the 
comparison  are  the  properties  of  reinforced  concrete 
plates.  The  results  of  tests  where  reinforced  con¬ 
crete  have  been  compared  are  available  In  a  report 

m. 

TEST-PROGRAM 

For  the  experimental  program  a  total  of  hun¬ 
dred  model  slabs  has  been  cast  and  tested.  Thirty- 
five  slabs  thereof  and  the  same  quantity  of  addi¬ 
tional  model  beams  were  available  to  test  the  effi¬ 
ciency  under  different  stress  modes. One-ar.d-two- 
dimenslonal  (1-D.2-D)  stresses  were  analysed.  A 
compilation  of  the  slabs  and  beams  under  test  to¬ 
gether  with  their  supports  Is  found  In  Tab.  I. 


Tab.  I  Beam  and  slab  dimensions 


The  test  objects  were  cast  correspondingly  tn 
fibre  and  steel  reinforced  concrete.  The  length  of 
the  fibre  cuts  varied  from  25  mm  to  55  mm,  their 
length  to  diameter  ratio  from  35  to  125.  The  rein¬ 
forcement  mesh  corresponded  to  steel  type  420/500, 
the  concrete  quality  to  Bn  45,  screening  of  aggre¬ 
gates  0/8.  Four  types  of  plates  were  tested,  -fibre 
concrete,  -reinforced  fibre  concrete,  -concrete, 
-reinforced  concrete,  with  variation  of  the  fraction 
of  fibre  and  steel  reinforcement. 

The  plates  were  subjected  to  static  and  dynamic 
loads  on  a  blast-wave  simulator  (Flg.l).  Thedevlce 
consists  In  principle  of  a  pressure  chamber,  which 
Is  divided  Into  two  parts  by  the  plate.  At  the  start 
of  the  load  test  both  sections  are  Inflated  to  the 
same  pressure.  By  venting  both  chambers  with  differ¬ 
ent  flowrates,  the  plate  Is  loaded  by  a  resulting 
force  proportional  to  the  time-dependent  difference- 
pressure  .  Force  and  impulse  corresponding  to  a 
large  range  of  TNT-equIvalent  can  be  simulated  by 
an  adequate  dimensioning  of  the  test  parameters.  The 
fastest  rise  time  of  the  pressure  pulse  Is  In  the 
range  of  3-5  ms,  for  the  simulation  of  static  load 
this  risetime  Is  extended  to  4  minutes.  Pressure 
measurements  sre  carried  through  on  the  strain  gage 
principle,  whereas  the  plate-deflection  is  monitored 
by  an  Inductive  displacement  pick  up. 
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Fig.  1  thematic  of  Blast  Simulator 
RESULTS 

Since  the  experiments  only  allow  a  limited  var¬ 
iation  of  the  different  parameters  a  numerical  ana¬ 
lysis  is  required.  The  ultimate  load  p*  i,  of  a  fibre 
specimen  is  normalized  by  the  maximum  16ad  Pe  of  a 
corresponding  reinforced  concrete  model.  This  leads 
to  the  following  definition  of  the  efficiency, com¬ 
paring  the  same  type  of  systems: 

Ml  x  «p(b /pt  ■  mJ£/ mV 

Only  the  ratio  of  the  ultimate  resistance  mo¬ 
ments  Is  of  slgnlfance  ,  other  system  parameters 
do  not  matter.  The  moments  are  calculated  on  the 
basis  of  Equs.  2-4: 

12)  MV  »*•  tt  h*(l- 

13)  mJ£  “  T*  ‘  Piz/ ( Pw*  Piiz) 

14)  Am-  &  -097  (l-V»)*1.41  -Vf 


where  <s 


(lib  thickness 
cub*  strength 

binding  tensile  strength  (concrete) 
banding  tensile  strength  (fibre  concrete) 
tensile  stress  (steel) 
fibre  content 
steel  content 

length  to  dleaeter  ratio  (fibre) 


Due  to  the  difference  In  tension  zones  In  con¬ 
crete  reinforced  by  bars  and  by  fibres,  the  effec- 
tlvlty  factor*  is  multiplied  with  the  square  of  the 
ratio  height  fu  to  the  thickness  d  (Fig. 2, 3).  These 
figures  present  the  calculated  value  of*  as  func¬ 
tion  of  the  percentage  of  steel  reinforcement  u  for 
two  values  of  fibre  content  Vf.  The  calculation 
based  on  the  one-dimensional  case  (Eq.4)  overes¬ 
timates  the  efficiency  factor  x  as  can  be  seen  In 
comparison  with  the  experimental  results  for  beams 
and  slabs  supported  on  two  sides. 
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Fig.  2  Effectlvlty  factor  for 
fibre  content  *  1.2  * 
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Fig.  3  Effectlvlty  factor  for  fibre 
content  V«  ■  2.4  t 


The  experiments  clearly  display  the  difference 
between  one-  and  two-dimensional  loading.  The  effi¬ 
ciency  factor  Is  higher  In  the  latter  case.  Also  can 
be  observed  that  the  Influence  of  the  length  to  width 
ratio  1/b  Is  essential.  This  parameter  varies  for 
the  slabs  under  examination  from  1  to  1.6,  thus  form¬ 
ing  the  uppor  and  lower  bounds  of  the  test  results* 

As  Fig.  2  and  3  display  equal  load  capacity  for 
both  types  of  support  is  only  achieved  for  a  low 
percentage  n  of  steel  reinforcement.  Since  u  Is 
given  for  the  one-dimensional  case  this  Implies 
that  the  total  steel  content  Is  twice  as  high  In 
the  two-dimensional  cases  tested  here.  For  a  con¬ 
stant  value  of  x  *  (h  /d)z  ■  1  for  both  systems  In 
Fig.  4  the  content  or  fibre  Is  compared  to  the  total 
amount  of  steel.  In  the  1-D-system  the  percentage 
of  fibre  Is  higher  than  that  of  steel.  Since  Vf=  3  S 
Is  a  1  halting  value  for  the  fibre  component  which 
can  be  handled  In  the  casting  process  /2/,  the  max¬ 
imum  load  capacity  Is  comparable  to  a  steel  rein¬ 
forcement  n  <  0,3  %. 

The  2- D- system  contains  a  range  between  0,3  % 

<  (i  <  1  %,  which  Is  of  interest  under  an  economical 
point  of  view.  Here  the  fibre  content  Is  equal  or 
less  than  the  amount  of  steel.  The  limit  for  the 
substitution  of  steel  Is  1,1  %  <  n  <  1,3  %  because 
the  maximun  of  =  3  %  Is  reached. 
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Fig.  4  Fibre  and  steel  content  for 
equal  ultimate  load 


The  static  load  capacity  together  with  the 
static  deflection  behaviour  Is  the  basis  for  the 
theoretical  discussion  of  the  dynamic  response.  Typ¬ 
ical  displacement  curves  as  functions  of  applied 
pressure  are  shown  In  Figs.  5  and  6.  A  concrete  plate 
without  reinforcement  (Fig. 5)  points  out  an  almost 
Ideal  elastic  behaviour,  whereas  the  example  In 
Fig.  6,  a  fibre  concrete  slab,  shows  a  pronounced 
elasto-plastlc  behaviour.  This  Is  the  same  typical 
deformation  as  It  Is  known  for  reinforced  concrete 
slabs,  also  the  working  capacity  of  the  fibre  con¬ 
crete  Is  comparable  to  that  of  reinforced  concrete 
plates. 


Fig.  5  Load  ys  deflec-  Fig.  6  Load  vs  deflection 
tlon  (concrete)  (fibre  concrete) 

The  dynamic  response  of  slabs  under  simulated 
blast  load  Is  calculated  on  the  basis  of  a  one-de- 
gree-of-freedom  system  /3/.  The  result  for  the  case 
of  the  given  load  history  and  nonlinear  resistance 
function  presents  Fig.  7.  Here  the  maximum  deflection 
is  displayed  vs.  time  In  normalized  scales.  The  non¬ 
linearity  causes  a  field  of  curves  with  the  par¬ 
ameters  \,the  ratio  of  peak  load  pi  to  maximum 
resistance  force  R0.  Another  characteristic  set  of 
curves  Is  obtained  by  connecting  the  points  of 
multiples  of  the  elastic  deflection  1/\. 


Fig.  7  Maximum  normalized  displacement  x 
vs  dimensionless  time  T 


By  comparing  these  values  to  the  actual  ultl* 
mate  deflection  of  a  beam  or  slab.  It  Is  possible 
to  construct  Iso-damage  curves  as  shown  In  Fig. 
8-10. 


Fig.  8  Iso-damage  curves  for  fibre  concrete 


Fig.  9  Iso-damage  curves  for  reinforced  concrete 


Fig.  10  Iso-damage  curves  for  reinforced  fibre 
concrete 


In  these  diagrams  the  Influence  of  fibre  and 
steel  content  can  be  observed,  based  on  the  average 
of  experimental  results.  The  lower  percentage  of 
reinforcement  leads  to  a  higher  working  capacity  of 
the  slabs  thus  resulting  In  a  higher  deflection  ra¬ 
tio  for  the  ultimate  load.  The  range  of  this  ratio 
spans  for  the  fibre  concrete  from  8/x  to  15/ x  .the 
precentage  of  the  reinforcement  varllng  from  2,4  X> 
V,  >1,2  X  (Fig. 8).  The  Influence  of  steel  content 
presents  Fig.  9  with  0,6  X  <  n  <  1,3  X  and  a  corre¬ 
sponding  deflection  range  from  15/ x  to  5/x  .  The 
combination  of  fibre  and  steel  reinforcement  Is  dis¬ 
played  In  Fig.  10.  Here  the  fibre  content  Is  kept 
constant  at  Vf  -  1,2  X,  the  steel  reinforcement  Is 
varied  from  0,3  X  <  u  <  0,6  X.  This  value  has  been 
chosen  lower  than  In  the  cases  before,  because  the 
use  of  fibre  will  only  be  reasonable  for  structures 
with  low  percentage  of  steel  reinforcement  as  demon¬ 
strated  In  the  static  case.  Comparing  the  deflection 
ratios  as  displayed  In  Fig.  9  the  working  capacity 
of  the  concrete  reinforced  by  fibre  and  steel  (Fig. 
10)  Is  Improved.  An  ultimate  deflection  of  8/x  Is 
obtained  with  a  total  reinforcement  of  1,5  X  <  i*  + 

V-  <  1,8  X,  whereas  in  the  case  of  Fig.  9  only  5/x 
Is  reached  with  4 ■  1,3  X. 

For  a  Ideal  blast  load  and  the  global  parameters 
as  peak  pressure  P  and  Impulse  I,  l.e.  the  Integral 
of  the  pressure-time-function,  a  socalled  P-I-dla- 
gram  Is  developed  (Fig. 11).  There  is  a  transforma¬ 
tion  of  a  dimensionless  deflectlgn  x-T-  d1agram(com- 
pare  Fig.  7)  carried  through  by  P  »  2/x  and  I  «  T/x 
/3/.  The  lines  of  multiples  of  the  elastic  deforma¬ 
tion  are  also  displayed  for  the  failure  criteria  as 
they  are  given  by  Fig.  8-10. 


Fig.  11  Normalized  P-I-dlagram 
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Another  important!  difference  between  reinforced 
concrete  and  fibre  concrete,  the  reducing  of  scab¬ 
bing  and  spalling  effects,  Is  shown  In  Figs.  12  and 
!3. 


L 


Fig.  12  Scabbing  effect: 

Conventional  reinforced  concrete 


Fig.  13  Scabbing  effect: 


Fibre  reinforced  concrete 
CONCLUSION 

The  experimental  results  for  static  and  dy¬ 
namic  load,  which  have  been  presented  here,  show 
the  advantages  of  fibre  reinforcement  for  structur¬ 
al  elements  under  multi  axial  load  and  for  low 
reinforcement  ratios.  The  Influence  of  fibre  con¬ 
tent  has  been  discussed  by  Introducing  a  efficien¬ 
cy  factor  x  for  the  static  case.  Here, ranges  of 
Interest  for  the  use  of  fibre  have  been  demon¬ 
strated  for  low  percentage  of  steel  reinforcement. 
The  effect  on  the  dynamic  behaviour  is  presented 
combining  the  experimental  results  with  those  of 
a  simplified  numerical  method.  A  dimension! ess- 
P-I-diagram  has  been  developed  which  allows  the 
treatment  of  plates  under  ideal  blast  load. 
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LINEAR  SHAPED  CHARGE  PENETRATION,  A  PARAMETER  STUDY 


Charles  E .  Joachim 


U.  S.  Army  Engineer  Watervays  Experiment  Station 


Vicksburg, 

ABSTRACT 

Research  has  shown  that  removal  of  large, 
partially  damaged,  concrete  runway  slabs  is  a 
major  element  in  the  time  required  to  perform  a 
runway  repair  operation.  A  rapid  method  for 
cleanly  cutting  away  damaged  sections  would  sig¬ 
nificantly  reduce  overall  repair  time.  Shaped 
charges  are  potentially  just  such  a  rapid  runway 
cutting  technique.  This  paper  presents  the  re¬ 
sults  of  field  tests  designed  to  evaluate  the  ef¬ 
fect  of  shaped  charge  parameters  on  runway  cut¬ 
ting  performance.  A  series  of  39  explosive  ex¬ 
periments  was  conducted  on  undamaged  taxiway 
segments  and  aircraft  shelter  slabs  constructed 
for  a  recent  Air  Force  test  program  at  the  White 
Sands  Missile  Range,  NM  (WSMR).  Additional  tests 
were  conducted  on  a  runway  slab  constructed  for 
another  Air  Force  test  program  at  Eglin  AFB,  FL. 
Parameters  investigated  include  liner  thickness, 
liner  material,  liner  included  angle,  charge 
length,  unit  explosive  loading,  charge  standoff, 
and,  to  a  limited  extent,  runway  material 
strength. 


BACKGROUND 

The  U.  S.  Army  Corps  of  Engineers  is  charged 
with  responsibility  for  runway  repairs  at  U.  S.  Air 
Force  (USAF)  airfields  damaged  by  conventional 
attack  when  such  repairs  exceed  USAF  on-site  capa¬ 
bilities.  The  isportance  of  this  wartime  mission 
is  obvious  in  light  of  our  commitments  in  both  Eu¬ 
rope  and  the  Near  East,  where  rapid  aerial  rein¬ 
forcement  and  resupply  will  be  essential.  Research 
on  Repair  and  Restoration  of  Paved  Surfaces 
(REREPS)  has  been  conducted  at  the  Waterways  Ex¬ 
periment  Station  (WES)  to  develop  an  improved  Army 
capability  for  rapid  runway  repair  under  combat 
conditions. 

The  REREPS  research  program  has  shown  that 
removal  of  large,  partially  damaged,  concrete  run¬ 
way  slabs  is  a  major  element  in  the  time  required 
to  perform  a  runway  repair  operation.  A  rapid 
method  for  cleanly  cutting  away  the  damaged  por¬ 
tions  of  these  slabs  is  needed  to  significantly 
reduce  overall  repair  time.  Initial  investiga¬ 
tions  by  the  WES  (Reference  1)  demonstrated  that 
linear  shaped  charges  can  successfully  produce  a 
rapid,  relatively  smooth  cut  through  taxiways. 

This  paper  presents  the  results  of  later  linear 
shaped  charge  tests  designed  to  evaluate  the  effect 
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of  charge  parameters  on  runway  cutting  performance. 

OBJECTIVE 

The  study  objective  was  to  evaluate  shaped 
charges  as  a  means  for  rapidly  cutting  runways. 
Specific  objectives  were  to  evaluate  the  effect  of: 
(1)  liner  parameters  (thickness,  suterial,  and  in¬ 
cluded  angle),  (2)  charge  variables  (length,  unit 
explosive  loading,  and  standoff),  and  (3)  target 
strength  on  linear  shaped  charge  runway  cutting 
performance. 

APPROACH 

The  experiMnts  described  in  this  paper  were 
performed  on  full-scale  runway  or  taxiway  paveswnts 
originally  constructed  for  other  test  prograsm.  A 
series  of  shaped  charge  pavement  cutting  teats  was 
conducted  on  undamaged  taxiway  segments  constructed 
for  Air  Force  quantity-distance  experiments  on  the 
White  Sands  Missile  Range  (WSMR),  NM.  Several  WSMR 
tests  were  conducted  on  the  intact  floor  slab  of  a 
full-scale  aircraft  shelter  that  had  been  de¬ 
stroyed.  These  taxiways  and  shelter  floor  slabs 
were  built  to  design  standards  currently  in  use  at 
USAF  Europe  Bases  in  Germany.  Taxiway  pavements 
consisted  of  8- in. -thick  unreinforced  concrete 
slabs  (6,000-psi  unconfined  compressive  strength) 
overlain  by  4  in.  of  asphalt,  and  underlain  by  a 
6-in.  stabilised  aggregate  base  course  over  a  com¬ 
pacted  subgrade  (Figure  1).  The  shelter  floor 
slabs  were  12-in. -thick  unreinforced  concrete  (nom¬ 
inally  4,000-psi  unconfined  compressive  strength) 
underlain  by  a  12-in.  stabilized  aggregate  base 
course  over  a  compacted  subgrade  (Figure  2). 

The  concrete  runway  segment  tested  at  Eglin 
AFB  was  especially  constructed  for  boaris  penetration 
and  cratering  studies.  The  linear  shaped  charges 
were  positioned  to  cut  square  holes  through  the 
paveswnt.  In  addition,  one  test  was  made  to  see 
how  well  the  linear  charges  could  be  used  to 
"square  off"  a  small  crater.  The  runway  was  12  in. 
of  unreinforced  concrete  (6,000-psi  unconfined  com¬ 
pressive  strength)  underlain  by  6  in.  of  stabilised 
aggregate  over  a  compacted  subgrade  (Figure  3). 

The  WSMR  linear  shaped  charge  paraawter  study 
investigated  the  effectiveness  of  nitroawthane  (NM) 
as  the  charge  explosive.  Charge  containers  2,  3, 
and  4  ft  long  were  used  to  evaluate  the  effect  of 
charge  length  on  penetration.  The  study  also  in¬ 
vestigated  the  effect  of  liner  thickness,  liner 
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Materials  (aluminum,  brass,  and  steel)  and  apex 
angles  (60°,  90°,  and  120°).  In  addition,  one 
charge  was  scaled  up  in  size  to  investigate  scaling 
relations . 

initial  runway  cutting  experiments  at  Eglio 
A*B  were  conducted  with  4-ft-long  linear  shaped 
charges  (Figure  4) .  Later  tests  used  slightly 
larger  steel-lined  charges  containing  20  lb/ft  NM. 
Liner  thickness  was  1/4  in.  Charges  having  3/16- , 
5/16- ,  and  3/8-in.  liners  were  also  tested  to  eval¬ 
uate  the  effect  of  liner  thickness  on  penetration. 

RESULTS 

Results  of  the  linear  shaped  charge  parameter 
study  at  WSMR,  including  shot  geometry  and  penetra¬ 
tion  data,  are  presented  in  Table  1.  Two  experi¬ 
ments  in  this  series  were  conducted  with  NM  con¬ 
tainers  hutted  end-to-end  (Shots  38  and  39).  Only 
one  container  was  boosted  (on  the  end  of  the  array) 
but  the  detonation  was  sustained  through  oil  the 
charges  as  shown  by  the  relatively  unifora  cut  over 
the  entire  length  of  the  array. 

The  Eglin  AFB  runway  cutting  test  results, 
including  shot  geometry  and  penetration,  data  are 
presented  in  Table  2.  Initial  tests  using  brass 
liners  failed  to  coapletely  cut  the  concrete.  The 
penetrations  shown  in  Table  2  are  the  average  for 
the  sides  of  the  4-ft-square  cut.  These  shaped 
charges  were  less  successful  at  cutting  the  con¬ 
crete  at  the  corners.  (Note:  Later  tests  with 
steel  liners  successfully  cut  the  concrete  all  the 
way  around  the  periaeter  (6-ft  square),  including 
the  corners. 

The  concrete  slabs  inside  the  square  charge 
arrays  were  depressed  1  to  5  in.  by  the  blast 
loads.  This  indicates  that,  although  the  brass- 
lined  charges  did  not  coapletely  penetrate  the  run¬ 
way,  the  unpenetrated  concrete  below  the  charges 
apparently  failed  in  shear  as  a  result  of  the  load 
on  the  interior  square.  The  depressed  square  was 
not  severely  fractured;  in  fact,  it  was  too  coher¬ 
ent  to  be  removed  with  hand  tools. 

DISCUSSION  AND  CONCLUSIONS 

The  effect  ot  normalized  liner  thickness  (as  a 
percentage  of  charge  width)  on  scaled  taxiway  pene¬ 
tration  is  presented  in  Figure  5.  These  experi¬ 
ments  were  performed  with  brass  liners  having  a  60° 
included  angle.  The  charges  were  4  in.  wide  by 
3  ft  long  and  were  detonated  at  a  4-in.  standoff. 

The  height  of  the  charge  containers  was  varied  to 
provide  different  explosive  weights  per  unit  charge 
length.  Therefore,  penetration  data  are  scaled  by 
dividing  by  the  square  root  of  the  explosive  weight 
per  unit  length.  A  single  slab  penetration  datum 
point  is  included  for  coaiparison.  The  data  shown 
in  Figure  5  indicate  little  difference  in  penetra¬ 
tion  for  brass  liner  thicknesses  ranging  from  3.1 
to  6.3  percent  of  the  charge  width.  A  rapid  de¬ 
crease  in  penetration  was  noted  for  brass  liners 
less  than  3.1  percent  of  the  charge  width.  Thus, 
the  minimum  thickness  of  brass  liners  for  efficient 
penetration  with  NM  linear  shaped  charges  is 
3.1  percent  of  the  charge  width. 


The  effect  of  liner  material  on  penetration  is 
presented  in  Figure  6.  Three  liner  materials  were 
investigated:  steel,  brass,  and  aluminum.  Al¬ 
though  the  data  are  limited  and  there  is  some  scat¬ 
ter,  a  general  trend  is  indicated.  Steel-lined 
charges  produced  greater  penetration  than  either 
aluminum  or  brass  for  any  liner  thickness.  The 
results  also  indicate  that  the  aluminum  liners  may 
be  more  efficient  than  brass,  but  the  data  for  the 
two  materials  show  a  great  deal  of  scatter  over  the 
limited  number  of  experiments  performed.  These 
data  show  that  the  minimum  liner  thickness  for  ef¬ 
ficient  cutting  with  steel  and  aluminum  liners  in 
NM  linear  shaped  charges  is  approximately  4.7  per¬ 
cent  of  the  charge  width. 

The  influence  of  the  included  angle  of  the 
liner  is  presented  in  Figure  7.  Charges  used  in 
this  comparison  were  3  ft  long  with  a  0. 1875-in. - 
thick  brass  liner  (4.7  percent  of  the  charge 
width) .  The  curve  shown  in  Figure  7  is  drawn 
through  the  mean  of  the  taxiway  penetration  data. 
Although  there  is  considerable  data  scatter,  the 
graph  indicates  a  general  trend  of  decreasing  pene¬ 
tration  as  the  liner  included  angle  is  increased. 

Scaled  penetration  data  from  four  brass-lined 
charges  detonated  on  the  concrete  shelter  slab  are 
plotted  in  Figure  7  for  comparison  with  the  taxiway 
data.  One  charge  design  (60°  liner  included  angle) 
was  tested  at  two  standoff  distances,  one  and  two 
charge  widths  above  the  shelter  slab.  Although 
these  data  are  limited,  a  general  trend  can  be 
seen:  (1)  increased  standoff  reduced  penetration, 
and  (2)  shelter  slab  penetration  tends  to  be 
greater  than  corresponding  taxiway  data. 

The  effect  of  the  length  of  the  linear  shaped 
charge  on  penetration  is  presented  in  Figure  8.  All 
charges  used  for  this  comparison  have  a  0.1875-in.- 
thick  brass  liner  (4.7  percent  of  the  charge  width) 
and  an  included  angle  of  60°.  The  taxiway  data 
shows  an  increase  in  scaled  penetration  with  in¬ 
creasing  scaled  charge  length  up  to  a  scaled  length 

of  1.2  ft/lb*^2.  As  the  scaled  charge  length  in- 
creates  further,  scaled  penetration  ahould  approach 
a  constant  value.  As  shown  in  Figure  8,  a  maximum 
scaled  penetration  (dashed  horizontal  line)  of 
1/2 

0.29  ft/lb  was  assumed  for  the  taxinay  data. 
Although  only  two  shelter  slab  penetration  data 
points  were  obtained,  a  similar  relation  (dashed 
lines)  was  assumed  as  shown  in  Figure  8.  Addi¬ 
tional  data  are  required  to  further  refine  these 
curves. 

The  curves  shown  in  Figure  8  imply  that  the 
minimum  charge  length  for  coaqilete  pavement  pene¬ 
tration  is  dependent  on  the  pavement  thickness. 

For  example,  assuming  a  maximum  scaled  penetration 

1/2 

of  0.29  ft/lb  '  ,  complete  penetration  of  a  1-ft- 
tbick  taxiway  requires  an  NM  charge  loading  of 

(1+0. 29)2  =  11.9  lb/ft  and  a  maximum  charge  length 

of  1.2(11.9)1/2  =  4.1  ft.  Similarly,  complete 
penetration  of  an  18-in.  thick  taxiway  requires  an 

NM  charge  loading  of  (1.5+0.29)2  =  26.8  lb/ft  and  a 
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charge  length  of  1 .2(26. 8)1/2  =  6.2  ft.  Thus,  in¬ 
creasing  the  pavement  thickness  requires  a  corre¬ 
sponding  increase  in  the  minimum  charge  loading  and 
minimum  charge  length  for  efficient  penetration. 

Penetration  is  plotted  versus  explosive  load¬ 
ing  per  unit  length  in  Figure  9.  Data  from  the 
1982  (Reference  1)  and  1983  WSMR  tests  are  pre¬ 
sented.  The  scaling  relation  suggested  in  Refer¬ 
ence  1, 

p  =  0.29w1/2 

is  included  for  comparison, 
where: 

p  =  penetration,  ft 

w  =  charge  loading  per  unit  length,  lb/ft. 

As  shown  here,  the  equation  provides  a  reasonably 
good  fit  to  the  data.  The  shelter  concrete  slab 
penetration  datum  point  falls  slightly  above  the 
assumed  relation,  indicating  less  NM  was  required 
to  breach  the  slab  than  the  taxiway. 

The  effect  of  charge  standoff  on  penetration 
is  shown  in  Figure  10.  Penetration  data  are  scaled 
by  the  square  root  of  the  explosive  weight  per  unit 
length  to  eliminate  the  effect  of  NM  charge  loading 
variations.  All  the  NM  charge  containers  were  4  in. 
wide,  with  the  unit  charge  loadings  varied  from  7.0 


to  12.7  lb/ft.  An  upper  bound  to  the  taxiway  pene¬ 
tration  data  is  presented  in  Figure  10.  These  data 
show  that  the  NM  linear  shaped  charge  produced  max¬ 
imum  penetration  at  one  charge  width  standoff 

Dimensional  analysis  was  applied  to  the  data 
producing  the  dimensionless  relation  shown  in  Fig¬ 
ure  11.  The  parameters  involved  in  the  relation 
are: 

penetration,  p,  ft 
liner  thickness,  t,  ft 
explosive  detonation  velocity,  V,  ft/sec 
target  unconfined  compressive  strength,  o,  psf 
charge  explosive  loading,  w,  lb  (per  foot  of 
charge  length) 

charge  length,  1  ft  24 

and  target  mass  density,  p,  lb/sec  /ft  . 

Figure  11  relates  the  penetration  (dimensionalized) 
to  explosive  loading,  charge  geometry,  and  target 
characteristics.  Although  these  data  exhibit  con¬ 
siderable  scatter,  a  general  linear  trend  can  be 
seen.  The  curve  shown  in  Figure  11  was  obtained  by 
least  square  fit. 
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Figure  1.  Typical  DISTANT  RUNNER  taxiway 
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Figure  3.  Typical  runway  crosa-aection, 
aite  C-72,  Eglin  AFB,  FL. 
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Figure  6.  rJffect  of  liner  material  on 
penetration .  The  NM  linear 
shaped  charges  were  J  ft 
long  by  A  in.  wide  with  a 
60°  included  angle.  Charge 
standoff  was  one  charge 
width  above  t;  *  taxiway 
surface. 


Figure  A. 


Design  of  12-lb/ft  (18  kg/m) 
NM  linear  shaped  charge. 


LHM  KIWI  awl,  i 


Figure  7. 


o  i  <  I  i 

■Bwiat  iwi  mcnai.  krcut  or  ommc  non 


Figure  5.  Effect  of  liner  thickness  on 
pavement  penetration.  The 
NM  linear  shaped  chargea  were 
3  ft  long  by  A  in.  wide  with 
brass  liners  and  60s  included 
angle.  Charge  standoff  waa 
one  charge  width. 


Scaled  penetration  versus  liner 
included  angle.  The  NM  linear 
shaped  charges  were  3  ft  long 
by  A  in.  wide  with  brass  liners 
0.1875  in.  thick. 
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Figure  8.  Scaled  penetration  versus 
charge  length.  The  NM 
linear  shaped  charges  were 
4  in.  wide  with  brass 
liners  0.1875  in.  thick 
and  an  included  angle  of 
60°.  Charge  standoff 
was  one  charge  width. 
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Figure  9.  Penetration  versus  charge 
loading  per  unit  length. 

The  NH  linear  shaped  charges 
were  4  in.  wide  with  brass 
liners  0.1875  in.  thick  and 
an  included  angle  of  60*. 
Charge  standoff  was  one 
charge  width. 
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Figure  10.  Scaled  penetration  versus 
nonaalized  charge  standoff. 
The  NM  linear  shaped  charges 
were  4  in.  wide  with  brass 
liners  0.1875  in.  thick  and 
an  included  angle  of  60°. 
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Figure  11.  Nondiatensional  parameters 

relating  penetration  (p)  to 
explosive  properties  (deto¬ 
nation  velocity,  V  ,  and 
unit  loading,  w)  charge 
geometry  (liner  thickness, 
t  ,  and  charge  length,  Jt) 
and  target  Mterial  proper¬ 
ties  (uncomfined  compressive 
strength,  a  ,  and  mass 
density,  p  . 
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OPTIMIZATION  OP  A  90  MM  SHARED  CHARGE  WARHEAD 


David  K.  Davison 


Physics  International  Company 
San  Leandro,  California,  USA 


ABSTRACT 

Physics  International’s  Reverse  Engineering  technique  was  ap¬ 
plied  to  the  design  of  a  liner  for  a  Bofors  90  mm  shaped-charge 
warhead.  A  constrained  optimization  procedure  was  used  In  con- 
juction  with  the  method  to  derive  the  unique  liner  shape  and 
thickness  profile  that  satisfied  the  specified  constraints  on  per¬ 
formance. 

Radiograph  tests  verified  the  significant  Increase  In  charge  effi¬ 
ciency  predicted  by  the  calculations.  Computed  Jet  particle  tra¬ 
jectories  matched  the  observed  trajectories  very  closely,  and  the 
expected  jet  velocity  profile  was  confirmed. 

The  unique  characteristics  of  the  jet  and  the  exceptional  efficien¬ 
cy  of  the  optimized  charge  make  It  an  alternative  candidate  for 
applications  where  conventional  shaped  charges  are  Inadequate. 

The  Reverse  Engineering  method  used  to  design  the  Bofors 
90  mm  warhead  is  a  universal  technique  In  which  targets  are 
characterized  by  their  shapes  and  their  material  properties.  It  Is 
a  method  that  can  be  adapted  to  the  problem  of  defeating  a  variety 
of  structures.  Several  examples  are  included  for  Illustration. 


Bertll  K.  Arvldsson 


Bofors  Ordnance 
Bofors,  Sweden 


INTRODUCTION 

In  ihe  present  paper  we  describe  work  that  was  performed  to  im¬ 
prove  a  Bofors  charge  with  a  baseline  trumpet-shaped  ilner, 
designated  the  77-3  design.  We  describe  Its  optimization  through 
Physics  International’s  Reverse  Engineering  technique;  we  com¬ 
pare  the  methods  used  In  fabricating  the  optimized  liners;  and 
we  discuss  the  results  of  the  tests  that  have  been  performed  to 
verify  the  concept. 

Figure  1  is  a  picture  of  the  Bofors  charge  and  a  typical  target  ar¬ 
rangement.  In  the  figure  components  are  Identified  with  generic 
categories  that  are  factors  In  the  derivation  of  optimized  shaped 
charge  designs.  In  the  case  of  tha  77-3  ct'ii'pe  Improvomor,*,  the 
goal  was  to  replace  the  standard  trumpet-shaped  Ilner  with  an 
optimized  one  Since  the  shaps  of  the  optimized  liner  was  dif¬ 
ferent  from  that  of  the  standard  one  the  volume  and  the  shape 
of  the  explosive  changed  as  a  result  of  the  effort. 

At  Physics  International  (PI)  the  Reverse  Engineering  technique 
employs  two  optimization  methods  that  make  extensive  use  Pi’s 
proprietary  computer  programs  and  Its  database  of  charge 
designs  and  test  results.  The  first  optimization  method,  called 


.  >  >  J  >  ^ 


>  >  >  > 

>  >  >  >  > 


Figure  1.  Parameters  affecting  the  duality  between  a  shaped  charge  warhead  and  its  target: 
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Incremental  Modification,  obtains  the  required  design  by  a  small 
modification  of  art  existing  baseline  warhead.  It  Is  a  low-risk  ap¬ 
proach,  but  the  Improvement  Is  limited  by  the  characteristics  of 
the  baseline  design.  For  the  alternative  Constrained  Optimiza¬ 
tion  method,  the  objective  Is  the  “best”  charge  for  the  applica¬ 
tion.  A  radical  departure  from  the  baseline  Is  typical,  but  the 
charge  efficiency  is  generally  Improved.  It  is  a  high-risk  approach 
with  a  greater  cost  that  is  Justified  by  projected  performance  Im¬ 
provement.  it  may  require  the  use  of  Incremental  Modification  to 
arrive  at  ?he  final  design. 

For  the  Improvement  of  the  00  mm  77-3  design,  the  preliminary 
calculations  showed  a  significant  Increase  In  performance  when 
alternative  liner  shapes  were  tried.  Hence  >t  was  Cockled  that  the 
use  of  the  Constrained  Optimization  method  was  Justified.  A  ma¬ 
jor  criterion  that  guided  the  optimization  task  was  the  achieve¬ 
ment  of  a  maximum  jet  kinetic  energy  thet  was  significantly 
greater  than  that  of  the  baseline  design  of  Figure  1.  The  damage 
that  a  jet  can  deliver  to  a  target  Is  proportional  to  its  kinetic 
energy;  the  Target  Invention  computer  program  provided  the 
means  by  which  the  damage  could  be  partitioned  most  effectively 
to  achieve  the  desired  residual  effect. 

The  90  mm  warhead  improvement  effort  described  here  Is  only 
one  application  of  the  Reverse  engineering  method.  For  tha 
90  mm  warhead  the  required  performance  could  be  characteriz¬ 
ed  by  damage  to  a  thick  steel  target.  When  applied  to  the  task 
of  optimizing  a  design  for  defeat  of  typical  structures,  analogous 
criteria  are  applied.  Several  examples  are  described  below. 

DOStON  APPROACH 

The  objective  of  the  program  was  to  obtain  an  optimized  liner 
design  for  the  90  mm  Bofors  Type  77-3  warhead  capable  of 
penetrating  70  cm  (7.8  calibers)  of  armor  at  9.0  calibers  standoff 
with  as  large  an  exit  hole  as  feasible.  Maximum  behlnd-armor  spall 
damage  Is  associated  with  a  large  exit  hole  To  achieve  this  goal 
a  constrained  optimization  technique  was  used  in  conjunction 
with  the  Pl-proprlstary  Target  Inversion  computer  program.  The 
resulting  optimized  liner  was  refined  with  an  itoratlye  schema  In 
which  the  liner  thickness  profile  was  varied  until  the  computed 
PISCES  2D  ELK  ( Reference  1 )  jet  velocity  profile  matched  the  op¬ 
timum  one 

The  optimization  constraints  were  chosen  to  yield  a  design  with 
a  coherent  jet  of  maximum  kinetic  energy  that  would  be  effec¬ 
tive  at  the  given  standoff.  Tha  weights,  jet  energies,  and  liner  In¬ 
ner  surface  shapes  of  the  candidate  designs  were  monitored  to 
assure  that  the  chosen  design  would  be  a  practical  concept.  The 
outcome  of  the  process  was  the  simultaneous  derivation  of  an 
optimum  liner  shape  and  an  optimum  Jat  velocity  profile 

The  optimum  liner  shape  (outer  contour)  was  not  varied  In  the 
2D  ELK  Iterative  Refinement.  After  the  Initially-converged  llnor 
design  had  been  tested,  a  second  design  with  the  same  outer  con¬ 
tour  and  with  a  modified  thickness  profile  was  derived  to  Incor¬ 
porate  test  observations  and  an  Improvsd  Jetting  algorithm. 

The  initial  testa  verified  the  significant  Increase  In  charge  effi- 
c'ency  predicted  by  the  calculations,  but  the  predicted  penetra¬ 
tion  and  hole  diameter  were  not  achieved.  Future  tests  a  re  plann¬ 
ed  to  resolve  this  discrepancy. 

TARO  IT  IMVKRMON  OPTIMIZATION 

Tho  Target  Inversion  computer  program  takes  as  input  the  charge 
description,  except  that  only  the  outer  contour  of  the  liner  Is 
specified.  It  derives  the  liner  thickness  profile  and  Inner  contour 
from  a  specified  hole  shape  and  from  conditions  on  the  collapse 
and  jet  velocity  at  the  apex  of  the  liner. 

Jetting  values  are  computed  by  tha  analytical  method  described 
In  Reference  2.  The  *et  velocity  V.  Is  the  sum  of  the  magnitudes 
v  and  Vc  In  Figure  2.  The  collapse  velocity  V0  la  tha  velocity  of 
the  liner  material  as  It  strikes  the  axis  of  symmetry.  The  collapse 
angle  is  the  angle  $  between  the  (torn  and  the  axis  at  the  moment 
of  Impact. 

The  Target  Inversion  code  uses  a  hydrodynamic  penetration  model 
(Reference  3)  in  which  the  Incremental  penetration  Af>  U  given  by 

Ap  *  ALj/ry  (1) 


(A;  diagram  of  the  flow  in  the  vicinity  of  the  collafse  foint. 


IS)  VECTOR  diagram  fixing  the  relationship  between  the 
VECTORS  ».  9..  A NO  9,.  the  collafse  angle  f,  and  the 
ANGLE  a*  6.  AT  THfc  COLLAFSE  FOINT. 


Fifere  2.  Collapse  point  geometry.  7  ia  the  relative  velocity  of 
the  liner  material  with  respect  to  the  collapse  point, 
is  the  collapse  angle,  V  is  the  collapse  potatt  velocity.  V. 
is  the  liner  collapse  velocity,  a  is  the  finer  angle,  and  * 
is  the  Thylor  angle.  Uppercase  values  ate  evaluated  in 
a  stationary  frame.  The  lowercase  relative  velocity  7 is 
evaluating  in  a  frame  moving  at  tha  velocity  vc. 

where  L  la  tha  length  of  the  jet  Increment  Including  air  a  puces 
(attar  breakup),  r  Is  the  ratio  of  L,  to  the  length  of  the  solid  par¬ 
ticles  In  the  jet  (r  it  1),  and  y  •»  f  pj? .  for  respective  target  and 
jet  densities  a,  and  Tha  rats  of  penetration  la  given  by 

u  -  Vj/(ry  +  1)  (2) 

When  the  penetration  rate  Is  small,  the  strength  of  the  target 
material  la  greater  than  the  dynamic  pressure  resulting  from  {he 
jet  Impact,  at  u*/2,  and  penetration  ceases.  This  occurs  when  the 
jet  velocity  is  small  and  whan  tha  breakup  factor,  r,  is  large.  It 
Is  desirable  to  have  as  large  a  breakup  time  as  possible;  because 
the  penetration  increases  when  the  breakup  time  Increases. 

The  breakup  time  and  the  target's  specific  energy  (ratio  of  jet 
energy  to  hole  volume)  were  assumed  to  be  constant.  The  use 
of  a  variable  breakup  time  has  been  recently  suggested 
(Reference  4)  for  liner  optimization  studies.  The  steel  target 
specific  energy  was  assumed  to  be  4000  Joule/cc. 

For  most  of  tha  calculations  the  breakup  time  wes  assumed  to 
be  136  ps,  relative  to  the  time  of  initiation  of  the  Octol  explosive 
charge.  The  135  p*  breakup  time  la  a  nominal  value  for  an  optimiz¬ 
ed  90  mm  charge  when  measured  relative  to  tha  virtual  origin  time 
(Reference  5);  analysis  of  the  77-3A  jet  retrospectively  revealed 
that  the  choice  was  conservative 

For  the  Inversion  calculation  the  shaped  charge  Is  modeled  as 
a  sequence  of  dlskllke  “slices,”  each  of  which  can  be  treated  as 
a  one-dimensional  problem  insofar  as  the  liner  collapse  la  con¬ 
cerned.  When  a  20  ELK  calculation  of  a  similar  shaped  charge 
has  been  previously  performed,  the  one-dimensional  collapse 
velocities  can  be  corrected  to  obtain  a  more  accurate  result.  The 
estimated  jet  energy  profiles  In  the  one-dknenslonal  calculations 
are  In  error  when  the  correction  factors  an  omitted.  The  77-3  liner 
optimization  was  performed  In  three  stages,  each  distinguished 
by  tte*  correction  factor  profile  applied  to  the  col  laps*  velocities. 

The  design  parametsre  computed  by  the  Target  Inversion  program 
In  the  course  of  the  optimization  are  listed  In  TSbie  1.  Each  dstlgn 
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is  designated  by  a  string  of  three  symbols  that  respectively  define 
the  liner  shape,  the  apex  collapse  and  jet  velocities,  and  the  hole 
shape.  Table  2  lists  the  liner  shapes  tried;  the  parameterization 
is  illustrated  In  Figure  3.  Tables  3  and  4  list  the  velocities  and  the 
hole  shapes. 

Experiments  a;  Physics  International  of  jets  penetrating  steel 
targets  indicate  that  the  target  specific  energy  may  be  greater 
at  the  bottom  of  the  hole  than  at  the  entrance.  The  reverse  taper 
of  the  holes  indexed  4  to  9  correspond  accordingly  to  experimen¬ 
tal  holes  that  should  be,  at  the  worst,  approximately  constant  In 
diameter  to  a  depth  of  70  cm  and  bulbous  at  the  bottom.  The 
energy  distribution  In  a  target  with  such  a  hole  is  concentrated 
deep  inside,  where  It  should  be. 

The  collapse  velocity  correction  factor  profiles  are  Illustrated  In 
Figure  4.  For  the  first  stage  of  the  optimization,  the  correction 
factor  profile  for  the  Bofors  baseline  trumpet  design  was  used. 
Four  favorable  designs  were  obtained;  they  are  Indexed  7,  8,  16, 
and  20  in  Table  1.  All  four  designs  had  bell-  or  tulip-shaped  liners. 
The  D13  design  (index  8)  was  considered  the  best  of  these,  and 
a  2D  ELK  jetting  calculation  was  pr  -formed  fo  obtain  an  improv¬ 
ed  correction  factor  profile  for  the  second  stage  of  the  optimiza¬ 


tion.  In  the  second  stage,  several  liner  shapes  were  tried;  the  hole 
was  made  more  narrow  to  Improve  the  penetration;  and  the  X55 
design  was  selected  for  derivation  of  the  correction  factors  to 
be  used  in  the  final  stage  of  the  optimization,  in  the  final  stage, 
the  liner  shape  was  fixed,  and  the  apex  velocities  and  the  hole 
shape  were  varied  to  obtain  the  most  suitable  design. 

Figure  5  shows  six  of  the  designs  described  in  Table  1.  Fig¬ 
ures  5a,  5b,  5d,  and  5e  are  the  four  designs  derived  in  the  first 
stage  of  the  optimization.  Figure  5c  Is  an  example  of  a  trumpet¬ 
shaped  liner.  Trumpet-shaped  liners  gave  low-energy  jets  in  the 
study,  and  bell-  or  tulip-shaped  liners  were  favored  accordingly. 
Figure  5f  is  the  design  selected  for  Iterative  Refinement  and  even¬ 
tual  fabrication. 

The  entries  at  the  top  of  Table  1  are  the  optimization  constraints. 
The  limits  are  Imposed  to  assure  that  the  jet  will  be  coherent, 
that  the  liner  can  be  fabricated,  that  the  computed  penetration 
value  Is  valid,  and  that  the  design  satisfies  the  limits  on  weight, 
energy,  and  penetration.  The  optlmimum  X38A  design  derived 
from  analysis  of  the  entries  in  Table  1  was  the  unique  "best" 
choice  among  those  that  were  tried,  and  it  was  considered  to  be 
the  candidate  most  likely  to  attain  the  required  performance.  The 


Thble  1.  Summary  table  of  computed  values  for  the  Tfcrget  Inversion  calculations.  For  designs  indexed  1  to  20, 
the  Baseline  IVumpet  collapse  velocity  correcf  'on  factor  profile  was  used  (Figure  2);  for  designs  indexed 
21  to  37,  the  D13  correction  factors;  and,  for  designs  indexed  38  to  49,  the  X55  correction  factors.  In  the 
table  headings  maxima  and  minima  are  signified  by  respective  up  and  down  arrows  ( I  and  I  ).  V0  is  the 
collapse  velocity,  V;  is  the  jet  velocity,  r  is  the  thickness,  0  is  the  collapse  angle,  v  is  the  velocity  relative 
to  the  collapse  point,  a;  is  the  slope  angle  of  the  inner  ( metal-aii  I  surface  of  the  liner,  u  is  the  rate  of  penetra¬ 
tion,  MHE  is  the  high  explosive  mass,  ML  is  the  liner  mass,  MTOT  is  the  total  mass,  HE  is  the  jet  kinetic 
energy  (the  number  in  parentheses  is  the  ratio  of  the  jet  energy  to  the  explosive  chemical  energy),  and 
p  is  the  penetration  for  the  given  hole  shape.  The  numbers  above  the  table  headings  are  the  optimization 
constraints.  Designs  are  designated  by  a  string  of  symbols.  The  first  symbol  describes  the  liner  shape 
(Thble  2);  the  second,  the  apex  collapse  and  jet  velocities  ( Thble  3);  and  the  third,  the  hole  shape 
(Thble  4).  The  tabulated  explosive  and  liner  masses  include  26  gm  each  of  material  not  included  in  the 
Thrget  Inversion  calculations. 
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Jet  velocity  profile  of  the  X88A  design  was  selected  as  the  velocity 
profile  toward  which  the  2D  ELK  Iterative  Refinement  would  con¬ 
verge;  it  Is  shown  In  Figure  6. 


Ifcble  2.  Liner  shapes  for  the  optimization  calculations.  The  liner 
contours  were  continuous  piecewise  conics  with 
continuous  slope  angles  at  single,  intermediate  join 
points.  Liners  H,  J,  and  K  had  no  join  point.  All  liners 
extended  from  coordinate  x  =  - 1.0  cm  to  x  *=  11.9  cm; 
the  radius  at  x  =  11.9  cm  was  3.9  cm,  a  constraint 
imposed  by  the  hardware. 


IbUe  4  Hole  shapes  for  the  optimization  calculations.  dt  is  the 
diameter  at  the  target  surface;  d3  is  the  diameter  corre¬ 
sponding  to  the  penetration  p2;  and  ds  is  the  diameter  at 
the  penetration  of  100  cm. 
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Figure  3.  Liner  shape  parameterization.  The  liner 
contour  is  piecewire  cubic  between  the 
indicated  points.  Parameter  values  are 
indicated  in  Ihble  2. 


Figure  4.  Collapse  velocity  correction  factor  profiles.  Collapse 
velocity  correction  factors  are  ratios  of  collapse  velocities 
in  two-dimensional  calculations  to  those  in  one¬ 
dimensional  calculations. 


Table  3.  Collapse  velocities  V0  and  jet  velocities  V,  for  the 
liner  apex  in  the  optimization  calculations. 


Index 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Vo 

( cra/^.s ) 
0.300 
0.300 
0.300 
0.2  80 
0.200 
0.200 
0.210 
0.200 
0.220 


Vj 

(cm/fis) 
0.  950 
0.  980 
0.  900 
0.  925 
0.  900 
0.  930 
0.  900 
0.  910 
0.  900 


Figure  5.  Selected  linsrs  derived  by  the  Thrget  Inversion/ 
constrained  optimization  technique 
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Figure  6.  2D  ELK  iteration  convergence  jet  velocity 
profile . 

2D  ELK  ITERATIVE  REFINEMENT  OF  THE  77-3A  AND  77-3 H 
LINERS 


Figure  8.  77-3H  test  assembly. 

in  place.  The  computed  masses,  jet  energies,  and  charge  effic¬ 
iencies  are  compared  to  those  of  the  baseline  77-3  design  below: 


Explosive  Mass  (gm) 
Liner  Mass  (grn) 

Jet  Energy  (kJ) 

Charge  Efficiency  (%) 


Design 


77-3 

77-3A 

77-3H 

755 

493 

493 

325 

591 

617 

568 

639 

694 

14 

25 

27 

The  sum  of  the  explosive  and  liner  masses  is  slightly  greater  with 
the  optimized  designs,  and,  although  the  explosive  mass  decreas¬ 
ed  by  35  percent,  the  jet  energy  Increased  by  13  and  22  percent, 
respectively.  The  charge  efficiency  is  the  ratio  ot  the  |et  energy 
to  the  explosive’s  chemical  energy  (5.3  kJ/gm  for  Octol  explosive). 
The  efficiency  of  the  optimized  design  is  significantly  greater  than 
that  of  the  baseline. 


The  setup  for  the  PISCES  2D  ELK  calculations  is  shown  in  Fig¬ 
ure  7.  The  charge  confinement  and  base  ring  were  modeled  with 
Lagrange  zoning.  The  detonator  plug  was  modeled  as  a  rigid  ob¬ 
ject,  and  the  liner,  as  a  jetting  thin  shell.  The  explosive  is  located 
in  the  Euler-zoned  ‘'background”  mesh;  the  boundaries  of  the  ex¬ 
plosive  within  the  mesh  coincide  with  the  appropriate  boundaries 
of  the  previously  mentioned  objects.  The  explosive  was  allowed 
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Figure  7.  Setup  for  the  PISCES  2D  ELK  iterative 
refinement  calculations  of  the  77.3  charge. 


to  vent  through  the  cracks  between  the  components  and  through 
a  hypothesized  fracture  at  the  base  end  of  the  confinement.  The 
basic  setup  of  Figure  7  was  modified  during  the  course  of  the 
refinement  to  accommodate  changes  in  the  Initiation  hardware 
and  to  speed  up  the  calculations. 

When  the  converged  77-3A  liner  thickness  profile  was  obtained, 
It  was  altered  at  the  base  end  as  a  conservative  measure  to  com¬ 
pensate  for  the  potential  confining  effect  of  a  charge  body  that 
does  not  vent  appreciably  after  detonation.  Tests  of  the  77-3A 
liners  indicated  a  moderate  amount  of  venting  through  the 
aforementioned  confinement  fracture  The  model  was  altered  for 
the  refinement  of  the  77-3H  liner  to  simulate  the  observations; 
the  77-3H  liner  thickness  profile  was  accepted  without  alteration. 
Figure  8  Is  a  diagram  of  the  77-3H  test  assembly  with  the  liner 


ASPECTS  OF  LINER  FABRICATION 

There  are  several  manufacturing  techniques  for  liner  fabrication. 
In  a  minor  research  program  such  as  the  90  mm  design  improve¬ 
ment  program,  the  object  of  the  testing  is  to  get  only  an  approx¬ 
imate  estimate  of  the  penetration  capability  of  the  new  shaped 
charge  design;  accordingly,  not  only  the  technical  but  also  the 
economical  aspects  of  the  fabrication  were  considered. 

The  liners  from  the  77-3A  and  77-3H  tests  reported  here  were 
machined  from  OFHC  copper  bar  stock.  The  grain  sizes  were 
large,  and  they  were  thought  to  have  preciptated  an  early  breakup 
of  the  jet.  The  results  of  the  limited  number  of  tests  with  the 
machined  liners  justify  the  fabrication  ot  a  larger  number  of  liners 
for  future  evaluation.  It  is  planned  that  the  liner  grain  size  and 
other  material  properties  be  controlled  to  minimize  their  influence 
on  the  test  results. 

We  considered  machining  more  liners  from  small-grain  bar  stock, 
but  we  also  examined  other  fabrication  processes  as  well.  The 
cold-forging  process  offers  a  method  by  which  consistently  high- 
quality  liners  can  be  fabricated,  but  the  tooling  costs  were  con¬ 
sidered  to  be  too  great. 

Computer-controlled  shear-forming  with  Intermediate  heat 
treatments  and  8  finish  machining  on  both  the  outside  and  the 
Inside  of  the  liner  was  a  very  promising  technique  for  making 
liners  of  sufficient  quality  for  test  evaluation.  Accordingly,  the 
77-3H  liners  for  the  subsequent  testing  will  be  fabricated  by  this 
method.  Grain  size  will  be  constrained  to  be  less  than  25a;  hard¬ 
ness,  less  than  50  V;  and  symmetry  and  wall  thickness  variation, 
less  than  0.01  mm.  Texture  patterns  will  be  obtained  to  document 
the  preferred  crystal  lattice  orientation,  and  microphotographs 
will  be  taken  to  determine  the  grain  orientation  and  size  The  liner 
material  examination  methods  are  described  In  Reference  6. 

COMPARISONS  OF  CALCULATIONS  AND  EXPERIMENTS 

The  77-3A  and  77-3H  charges  with  machined  liners  were  fired 
against  stacks  of  armor  plates,  and  flash  radiographs  were  taken 
of  the  charges  and  of  their  jets.  The  tests  verified  the  computed 
shape  of  the  expanding  body  and  of  the  collapsing  liner,  and  they 
confirmed  the  oredicted  jet  trajectories  and  the  jet  velocity  pro¬ 
file.  The  jet  velocity/mass  relationship  agreed  with  the  ex¬ 
periments,  but  there  appeared  to  be  additional  material  in  the  ex¬ 
perimental  jet  that  accounted,  In  part,  for  the  conservative  value 
computed  for  the  jet  kinetic  energy.  The  computed  penetration 


190 


depth  and  hole  diameter  were  greater  than  observed;  reasons  tor 
this  inconsistency  are  explored  below. 

Figure  9  compares  the  computed  outlines  of  the  collapsing  liner 
and  of  the  expanding  steel  body  to  the  outline  observed  on  a 
radiograph  taken  40  ?s  after  zero  time.  On  the  radiograph  It  was 
observed  that  the  explosive  appeared  to  be  venting  through  a  gap 
near  the  base  of  the  charge;  the  observed  gap  is  represented  by 
a  dotted  line  In  Figure  9a 


Figure  9.  Comparison  of  calculated  and  experimental  outlines  of 
body  and  liner  for  the  77-3A  design. 

The  trajectories  of  selected  points  on  the  computed  jet  are  com¬ 
pared  to  observed  particle  positions  in  Figure  10.  The  Octol  ex¬ 
plosive  was  detonated  at  time  zero  in  the  calculation;  In  the  ex¬ 
periment,  detonation  occurred  5.6  ?a  after  zero  time  The  origin 
of  the  axis  In  the  experiment  is  the  base  edge  of  the  charge;  this 
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Figure  10.  Comparison  of  trajectories  of  computed  and  experi¬ 
mental  jet  trajectories  for  the  77-3A  design.  Time-of- 
arrival  data  from  range  switches  between  armor  plates 
is  indicated  by  the  points. 


corresponds  to  position  14.5  cm  in  the  calculation.  Trajectories 
from  the  jetting  calculation  were  shifted  to  the  experimental 
frame  by  the  indicated  amounts  before  they  were  plotted  on 
Figure  10. 

Trajectories  of  particles  from  the  front,  center,  and  rear  of  the  jet 
were  extrapolated  to  early  time  to  estimate  the  position  of  the 
virtual  origin.  Intersections  of  the  respective  front-center,  front- 
rear,  and  center-rear  trajectories  are  ( -  26.0  cm,  1.1  *s),  ( - 16.2  cm, 
13.1  *8),  and  (- 10.4  cm,  27.6  *s).  The  centroid  of  these  intersec¬ 
tions  Is  ( - 17.5  cm,  13.9  *s).  By  comparison,  the  (shifted)  centroid 
of  selected  trajectories  from  the  jetting  calculation  was 
( -  20.9  cm,  7.5  pS). 

When  the  time  of  liner  collapse  is  plotted  against  the  position 
of  collapse,  the  curve  that  is  generated  is  called  the  collapse 
locus.  Each  point  on  the  collapse  locus  Is  associated  with  a  uni¬ 
que  point  on  the  liner.  Particle  trajectories  were  extrapolated  to 
the  computed  collapse  locus  to  associate  them  with  points  on 
the  liner.  By  this  method  jet  velocities  wero  assigned  to  points 
on  the  liner  for  comparison  to  the  computed  Jet  velocity  profile 
(Figure  11).  The  solid  line  in  the  figure  Is  the  profile  for  the  77-3A 
design  computed  with  an  early  jetting  algorithm.  The  velocity  of 
the  tip  of  the  jet  matched  the  experimental  value  of  0.61  cm/gs 
when  the  improved  algorithm  was  used  instead.  The  77-3H  liner 
was  derived  with  the  Improved  algorithm;  Its  tip  velocity  was 
measured  to  be  0.86  cm/ps,  which  was  in  better  agreement  with 
the  0.90  cm/ps  value  expected  from  the  calculations. 

Figure  12  shows  that  the  computed  relationship  between 
cumulative  jet  mass  and  velocity  for  the  77-3A  design  was 
bracketed  by  curves  derived  from  two  of  the  experiments,  but  the 
observed  jet  mass  was  significantly  greater  than  predicted.  As 
a  consequence  the  experimental  jet  kinetic  energies  were  greater 
than  expected.  The  kinetic  energy  of  the  77-3A  design  was 
measured  to  be  689  kJ  and  880  kJ  In  the  two  tests  depicted  In 
Figure  11;  the  computed  jet  kinetic  energy  was  639  kJ.  By  com¬ 
parison,  the  observed  jet  energy  for  the  baseline  design  was 
500  kJ,  and  the  computed  value  was  568  kJ. 

Both  of  the  optimized  warheads,  77-3A  and  77-3H,  were  fired  Into 
stacks  of  armor  at  moderate  standoff.  The  holes  were  round  and 
straight,  suggesting  good  jet  alignment  and  good  dimensional 
control  In  the  liner  fabrication.  Figure  13  is  a  comparison  of  the 
computed  and  the  observed  hole  shapes.  The  volume  of  a  hole 
In  armor  Is  proportional  to  the  Jet  energy.  It  was  expected  that 
the  hole  volume  would  be  greater  than  that  computed  because 
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Figure  11.  Comparison  of  calculated  and  experimental 
jet  velocity  profiles. 
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Figure  12.  Relatioikahip  between  jet  velocity  and 
cumulative  mass  for  the  77-3A  design. 


the  experimental  jet  energies  were  greater  than  the  cr  'uted 
ones,  but  the  opposite  was  t.te  case*  '  lie  hole  volume  vaiue-  are 
compared  below: 


Standoff 

Hole  Volume 

]??! _ 

Design 

(Calibers) 

Calculation 

Teat 

77-3A 

9.0 

161 

68 

77-3A 

7.5 

161 

73 

77-3H 

7.5 

174 

61 

By  contrast  the  agreement  between  the  computed  hole  shape  and 
the  observed  hole  shape  tor  a  100  mm  charge  with  a  conical  liner 
is  much  better  (Figure  14). 

The  100  mm  charge  was  fired  Into  a  different  type  of  steel  armor 
than  the  optimized  charges,  and  it  is  believed  thet  the  3500  J/cc 
specific  energy  estimate  is  more  accurate  for  that  type  of  armor 
than  was  the  4000  J/cc  estimate  for  the  armor  used  In  the  tests 
Illustrated  In  Figure  13.  Other  tests  at  Physics  Internationa!  sug¬ 
gest  values  as  great  as  7500  J/cc  for  the  armor.  For  such  a  value 
the  computed  hole  volumes  in  the  table  above  are  scaled  by  the 
factor  4000/7500  (53  percent). 

The  cutoff  penetration  velocity  in  the  calculations  was  assumed 
to  be  0.10  cm/ps.  Figure  13  illustrates  the  Influence  of  the  cutoff 
velocity  on  the  penetration.  It  appears  that  the  discrepancy  in  the 
penetration  can  be  resolved  by  assuming  a  value  of  0.16  cm/ps; 
this  also  reduces  the  hole  volume  to  a  value  close  to  that  of  the 
experiment.  On  the  other  hand  the  0.16  cm/*s  value  Is  unusually 
high;  other  experiments  with  the  armor  indicate  a  value  between 
0.10  and  0.14  cm/.-ts.  It  should  be  noted  that  the  computed  penetra¬ 
tion  is  greater  for  shorter  standoffs  when  the  cutoff  velocity  is 
greater  than  0.10  cm/p8. 

The  jets  were  observed  on  the  radiographs  to  be  ragged,  an  oc¬ 
currence  that  has  been  associated  with  large  grains  In  copper 
shaped  charge  liners.  The  tall  of  the  jet  was  also  large  In  diameter, 
almost  as  large  as  the  observed  hole.  A  large-diameter,  high- 
veioclty  tail  was  expected;  it  is  consistent  with  the  design  require¬ 
ment  of  a  large  exit  hole  During  target  penetration  gaseous 
material  flows  around  the  jet  and  out  or  the  hole,  and  the  shapes 
and  sizes  of  the  observed  Jet  particles  may  have  made  them  more 
susceptible  to  mlsaiignment  and  disruption  than  otherwise 
Misaligned  and  disrupted  jets  are  Inefficient;  they  give  high  values 
for  the  specific  energy  and  low  values  for  the  penetration. 

Figure  10  provides  evidence  of  jet  disturbance  during  penetra¬ 
tion.  The  data  for  range  switches  located  between  three-Inch-thlcK 
blocks  of  armor  are  superimposed  on  the  jet  trajectory  data  From 


this  data  and  from  measurements  of  the  jet  particle  lengths.  It 
was  deduced  that,  whereas  the  cumulative  jet  particle  length  to 
penetrate  the  first  23  cm  (nine  Inches)  of  armor  was  18  cm,  the 
length  to  penetrate  the  remaining  10  cm  of  armor  was  36  cm. 


Jets  from  shaped  charges  with  liners  made  of  copper  with  soft, 
small  grains  have  smoothly-shaped  particles  that  are  more 
elongated  than  those  observed  In  tests  with  material  such  as  that 
used  In  the  optimized  liners.  In  view  of  the  evidence  of  disrup¬ 
tion  and  misalignment  In  the  previous  tests,  ft  appears  that  a 
change  In  liner  fabrication  could  Improve  the  observed  penetra¬ 
tion  performance  of  the  optimized  designs,  because  the  factors 
that  lead  to  the  hypothesized  degradation  during  penetration 
could  be  mitigated  by  this  step 


The  liners  for  the  100  mm  shaped  charge  were  fabricated  by  the 
cold-forging  process,  whereas  the  previously-tested  77-3A  and 
77-3H  liners  were  machined  from  OFHC  copper  bar  stock.  The 
average  grain  size  was  150  a,  significantly  larger  than  than  is 
typical  of  cold-forged  liners;  consequently,  It  Is  suspected  that 
the  material  properties  Influenced  the  observes  poor  correlation 
Illustrated  In  Figure  13  and  the  good  correlation  Illustrated  in 
Figure  14. 
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The  tadlographs  and  hole  symmetry  suggested  good  jet  align¬ 
ment,  so  poor  dimensional  control  in  fabrication  has  been  ruled 
out  as  a  factor  In  the  tests  of  the  optimized  liners.  As  Indicated 
above,  additional  tests  are  planned  with  shear-formed  liners  that 
will  have  smaller  grains  than  the  ones  tested  previously.  The 
agreement  between  calculation  and  experiment  Is  expected  to 
improve  accordingly. 

REPRESENTATION  OP  STRUCTURES  FOR  QCRfVATION  OF 
OPTIMIZED  CHARGE  PC8H3NS 

Target  defeat  requirements  are  affected  by  system  constraints 
such  as  attack  obliquity,  target  spectrum,  and  method  of  opera¬ 
tion  and  by  countermeasures.  Figure  15  shows  the  representa¬ 
tion  of  a  concrete/gravel  target  for  a  system  with  a  nonzero  at¬ 
tack  obliquity;  the  thickness  of  the  concrete  layer  is  equal  to  the 
thickness  along  the  line-cf-slght  of  the  jet.  The  representation  is 
an  axlsymmatric  Idealization  of  the  oblique  target,  and  the  effects 
of  spall  at  the  surface  and  of  reflections  at  the  interface  are  com- 
censated  by  choosing  a  conservative  diameter  for  the  hole. 


Figure  15.  Schematic  of  concreia/gravei  target  with 
oblique  hole 

Figure  16  Is  a  typical  spaced  armor  target;  tho  target  is  repre¬ 
sented  by  alternating  layers  of  steel  and  air  with  llne-of-sight 
distances  more  than  twice  the  distances  at  normal  obliquity. 
Spaced  steel  plates  are  countermeasures  that  are  often  very  ef¬ 
fective  in  reducing  the  performanced  of  a  shaped  charge. 


both  In  a  thin  steel  plate  and  in  a  thick  concrete  slab.  It  was  deduc¬ 
ed  that  a  charge  capable  of  defeating  the  composite  target  of 
Figure  18  would  be  capable  of  the  combined  requirements.  Hence 
the  composite  target  was  chosen  as  the  target  inversion  hole 
description  for  derivation  ot  the  optimized  liners. 
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Figure  18.  Composite  target  defeat  constraint.  A  charge 
capable  of  defeating  the  target  in  the  manner 
indicated  will  defeat,  separately,  a  one-inch 
armor  plate  and  a  ten-inch  concrete  slab. 

CONCLUSIONS 

The  Reverse  Engineering  method  has  been  shown  to  be  an  ef¬ 
fective  technique  for  derivation  of  an  optimized  shaped  charge 
liner  design  with  significantly  greater  jet  kinetic  energy  than  the 
starting  baseline  design.  The  constrained  optimization  technique 
used  in  conjunction  with  the  reverse  engineering  method  was 
described  by  example  for  a  90  mm  warhead  improvement  effort. 

Conservative  design  practices  were  observed  in  the  optimization 
task.  Both  calculations  and  experiments  verified  a  significant  In¬ 
crease  In  jet  energy  and  charge  efficiency  for  the  optimized 
design,  when  compared  to  the  baseline. 

When  the  optimized  designs  were  tested  against  armor  targets, 
the  performance  was  not  as  good  es  expected.  It  is  believed  that 
the  penetration  was  degraded  by  tho  properties  of  the  copper  liner 
material  Further  tests  an.  planned  to  verify  this  assertion. 


r  yur*  16.  typical  spcced  armor  target. 
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Figure  |7.  Hole  shapes  for  defeat  of  buried  ordnance 
by  a  follow-through  charge  or  jet  impact. 


The  Reverse  Engineering  method  can  be  applied  to  the  design 
of  wai  heads  to  defeat  structures  other  than  the  thick  steel  target 
for  the  90  mm  warhead.  Examples  of  applications  to  other  types 
ot  targets  are  Included  for  Illustration. 

REFERENCES 

1.  M.  Trigg,  S.  Hancock,  and  H.  Hancock,  PISCES  2D  ELK  User's 
Manual  (Version  4),”  Physics  International  Company,  1664. 

2.  E.M.  Pugh,  R.J  Eicheiberger,  and  N.  Rostoker,  "Theory  of 
Jet  Formation  by  Charges  with  Lined  Conical  Cavities,"  J. 
Appl.  Phys.  23,  532,  Jul  52. 

3 .  G.  Birkhoff,  DP.  MacDougall.  E.M.  Pugh,  and  G.  Taylor,  "Ex¬ 
plosives  with  Lined  Cavities,"  J.  Appl.  Fhys.,  19,  563,  Jun 
48. 

4.  B.S.  Haugstad  and  US.  Duilum,  “Optimization  of  Shaped 
Charges,"  J.  Appl.  Phye  .  55,  IOC,  Jan  84. 

5.  RC  C  .u,  F„  Hlrsch,  and  W.  Walters,  “Tha  Virtual  Origin 
Apprc  Imatlon  of  a  Shaped  Charge  Jot,”  Proc.  Sixth  Inter 
national  Symp.  on  Ballistics,  ADPA,  Oct  81. 


Burled  ordnance  can  be  defeated  by  destroying  the  fuzing 
mechanism  through  shock  or  by  detonation  of  the  main  charge. 
For  the  first  method  there  is  less  potential  damage  to  the  toil 
and  surrounding  structures,  but  the  continued  presence  of  the 
bulk  of  the  explosive  is  a  safety  hazard  that  Is  not  present  when 
the  ordnance  Is  detonated.  The  choice  of  defeat  mechanism  af¬ 
fects  the  type  of  system  to  be  developed  and  the  eize  and  shape 
of  the  hole  required;  typical  hole  shapea  for  the  two  applications 
are  illustrated  In  Figure  17. 

The  warhead  of  Reference  7  was  designed  to  make  a  large  hole 


6.  a  Arvldseon,  KG.  Ohlason,  F.  Straumann,  and  E.  Torok,  “In¬ 
vestigation  of  Liners  for  Shaped  Charges  Manufactured 
from  Copper  Powder  by  X-ray  Diffraction  and  Ultrasonic 
Techniques,"  Proc.  Eighth  international  Symp.  on  Ballistics, 
ADPA,  Oct  84. 

7.  D  K  Davison,  “Interaction  of  Hlgh-Valoclty  Aluminum 
Shaped-Charge  Jets  With  Finite  Steel  and  Concrete 
Targets,"  Proc.  Symp.  on  the  Interaction  ot  Non-Nuclear 
Munitions  With  Structures,  L5AF,  Colorado  Springs,  CO, 
May  93. 


19  3 


DYNAMIC  COMPRESSIVE  TESTING  OF  CONCRETE 


Lawrence  E.  Malvern,  David  A.  Jenkins,  Tianxi  Tang,  and  C.  Allen  Ross 


Engineering  Sciences  Department,  University  of  Florida 
Gainesville,  Florida  32611 


ABSTRACT 

A  Kolsky  Apparatus  (split  Hopkinsor.'s  Pres¬ 
sure  Bar  System)  with  3-inch  diameter  pressure 
bars  has  been  built  at  the  University  of  Florida 
for  dynamic  compression  of  specimens  up  to  3 
Inches  (75  mm)  in  diameter.  Equipment  and 
procedures  are  described  and  some  early  results 
reported. 

INTRODUCTION 

Numerical  f inlte-eleuents  codes  for  analysis 
of  reinforced  concrete  structural  response  Incor¬ 
porate  the  unconfined  ultimate  compressive 
strength  f  '  of  the  concrete  as  a  parameter.  For 
dynamic  Impact  loadings  this  parameter  is  some¬ 
times  Increased  by  an  arbitrary  factor  over  the 
static  value.  The  objective  of  the  Investigation 
reported  here  la  to  determine  the  strain-rate 
dependence  of  the  ultimate  strength  of  selected 
types  of  concrete  at  rates  of  Interest  for  the 
structural  response  in  order  to  permit  a  more 
rational  correction  of  the  static  value,  with  a 
dynamic  factor  that  may  vary  from  element  to 
element  and  with  time  during  the  deformation. 

For  over-all  structural  response  (as  dis¬ 
tinguished  from  such  intense  local  response  as 
occurs  in  cratering,  for  example)  the  strain-rate 
range  of  Interest  Is  usually  below  100  s~  .  In 
the  range  above  10  s  ,  wave  propagation  effects 
In  the  specimen  and  in  a  dynamometer  mounted  in 
tandem  with  the  specimen  complicate  stress  and 
strain  determination. 

The  Kolsky  Apparatus  or  Split  Hopklnson's 
Pressure  Bar  (SHPB)  system  consists  of  two  long 
strain-gaged  pressure  bars  with  a  short  specimen 
sandwiched  between  them.  Analysis  of  the  ob¬ 
served  longitudinal  elastic  stress  wave  propa¬ 
gation  In  the  two  pressure  bars  furnishes  Infor¬ 
mation  about  both  the  force  and  displacement 
versus  time  at  each  specimen  Interface.  The 
specimen  Is  supposed  to  be  so  short  that  waves 
propagate  back  and  forth  between  Its  two  Inter¬ 
faces  and  achieve  an  approximately  uniform  state 
of  stress  and  deforms' :  >n  along  the  specimen 
length,  except  during  .he  initial  rapid  rise  of 
the  stress.  Various  versions  of  the  SHPB  system 
have  been  used  in  recent  years  for  testing  rock 
and  fine-grained  concrete.  Meat  of  the  existing 
systems  have  a  maximum  specimen  diameter  of  25 
mm.  In  structures  of  interest,  concrete  aggre¬ 
gate  sizes  up  to  0.5  inch  (12.5  am)  or  even 
larger  may  be  used.  For  such  concrete,  r  larger 


specimen  must  be  used  in  order  to  obtain  repre¬ 
sentative  properties  of  the  composite  material. 
The  new  system  reported  here,  with  75-mm  diameter 
pressure  bars,  was  developed  for  this  reason. 

The  larger  specimen  and  larger-diameter 
pressure  bars,  however.  Introduce  two  problems. 
For  specimens  longer  than  about  1,5  inch  (37.5 
mm)  the  desired  degree  of  uniformity  along  the 
length  is  not  achieved.  Maximum  stresses  are 
still  reasonably  well  measured,  but  the  stress- 
strain  curve  determination  Involves  some  un¬ 
certainty  about  what  stresa  to  associate  with  the 
average  strain  at  each  Instant.  The  larger  di¬ 
ameter  also  leads  to  more  noticeable  Pochhamraer- 
Chree  radial  oscillations  in  the  incident  pres¬ 
sure  bar,  which  Interfere  with  the  Interpretation 
of  the  longitudinal  strain  measurement  In  the 
Incident  pressure  bar  and  hence  Interfere  with 
the  force  and  displacement  recording  at  the 
specimen’s  incident-bar  Interface. 

Despite  these  problems,  the  SHPB  system 
appears  to  be  the  best  available  system  for 
determining  dynamic  compressive  properties  In  the 
moderately  high  deforratlon  rate  range.  For 
three-lnch-long  plain  concrete  specimens,  the 
system  to  be  described  here  has  performed  tests 
with  strain  rates  at  failure  ranging  from  10  to 
100  s  . 

BACKGROUND 

Early  work  on  rate  effects  In  concrete  was 
reviewed  In  a  1956  ASTM  symposium  [1].  At  stress 
loading  rates  from  l  to  1000  pal  per  aecond  In 
testing  machines ,  compressive  strength  was  re¬ 
ported  to  be  a  logarithmic  function  of  the  load¬ 
ing  rate,  with  recorded  strength  Increases  up  to 
109Z  of  the  strength  reported  at  "standard  rates" 
(20  to  50  psi  per  sec).  By  using  cushioned  Im¬ 
pact  tests  Uatsteln  [2]  obtained  strengths  185X 
of  the  standard.  Wststeln  also  reported  rate 
effects  on  the  measured  secant  modulus  of  elasti¬ 
city,  energy  absorption  (up  to  2.7  times  the 
static  value)  and  strain  to  failure. 

Read  and  Malden  [3]  surveyed  the  state  of 
knowledge  on  the  dynamic  behavior  of  concrete  at 
high  stress  levels  in  1971,  Including  the  data  of 
Gregsor  [A],  who  used  a  gas  gun  to  provide  flyer 
plate  Impacts  at  pressures  from  40  to  8,000  RSI. 

Secbold  [5]  represented  the  rate  effects  on 
uncoufined  compressive  strength  in  concrete  up  to 
strain  rates  of  about  5  §~!  by  an  empirical  for¬ 
mula  containing  both  a  linear  term  and  a  loga¬ 
rithmic  term  in  the  strain  rate. 
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Mora  recently  Hughes  and  Gregory  [6]  have 
used  a  drop  teeter  and  concluded  that  the  lapse*, 
strengths  averaged  about  1.92  times  the  static 
compressive  strength.  Por  some  of  their  "strong 
concretes"  dynamic  compressive  strengths  above 
260  MPa  (37.7  KSI)  were  found.  Hughes  avd  Watson 

[7)  used  a  similar  t?«t  technique  and  concluded 
that  the  percentage  Increase  in  compressive 
strength  In  dynamic  tests  over  the  static 
strength  was  greater  for  low-strength  concrete 
than  for  high-strength  concrete. 

The  compressive  SHPB,  introduced  by  kolsky 

[8]  is  widely  used  for  determining  material  prop¬ 
erties  in  the  strain-rate  range  from  about  10*  to 
104  s  .  See,  e.g.,  Lindholm  [9]  and  Icholas 
[10].  Geotechnical  materials  and  concrete  have 
been  Investigated  with  SHPB.  Christensen  et  al. 
[Ill  tested  nugget  sandstone  specimens  under  con¬ 
fining  pressures  up  to  30  KSI.  They  also  used 
truncated-cone  striker  bars  to  spread  out  the 
rise  time  of  the  loading  pulse  In  order  to  Im¬ 
prove  the  accuracy  and  resolution  of  the  Initial 
portion  of  the  stress-strain  curves.  Lindholm  et 
al.  [12]  tested  specimens  of  Dresser  basalt  under 
confining  pleasures  up  to  100  KSI  at  strain  rates 
up  to  103  s-1  and  considered  also  temperature. 
They  found  unconflned  strength  variation  by  a 
factor  of  3  over  the  range  of  rate  and  temper¬ 
ature  examined.  Lundberg  [13]  investigated 
energy  absorption  In  dynamic  fragmentation  of 
Bohus  granite  and  Solenhofen  limestone.  Specimen 
strain  rates  were  not  reported,  but  general 
fracture  of  the  specimens  occurred  when  the 
stress  was  about  1.8  times  the  static  strength 
for  Bohus  granite  and  about  1.3  times  for 
Solenhofen  limestone. 

Bhargava  and  Rehnstrom  [14]  found  unconflned 
dynamic  compressive  strengths  of  1.46  to  1.67 
times  the  static  strength  In  plain  concrete  and 
flber-relnforced  and  polymar-isodlfied  concrete. 
Their  failure  strengths  were  Identified  as  the 
maximum  amplitude  of  short-pulse  t> trusses  that 
could  be  transmitted  through  the  specimen  snd 
were  more  associated  with  the  onset  of  failure 
than  with  complete  crushing  of  the  100-mm 
diameter  by  200-mm  length  cylinders.  Their  250- 
nm-long  striker  bar  gave  a  loading  oulse  duration 
only  about  twice  the  transit  time  through  rn 
elastic  specimen. 

At  the  University  of  Florida,  Tang  et  al. 
[15],  tested  28-day  mortar  specimen..  In  a  3/4- 
lnch  diameter  SHPB  and  found  a  linear  dependence 
of  maximum  stress  or>  the  strain  rate  at  the  maxi¬ 
mum  stress  at  rates  up  to  800  a-1.  Few  other 
applications  of  SHPB  technology  to  concrete  have 
been  nude.  Kormeling  et  al.  [16],  adapted  it  for 
dynamic  tensile  teats.  They  reported  dynamic 
tensile  strengths  of  more  than  twice  the  static 
value  at  atraln  rates  of  approximately  0.75  s  . 

Suarla  and  Shah  [17]  have  recently  surveyed 
mechanical  properties  of  material.,  subject  to 
Impact  and  rate  effects  In  flber-relnforced  con¬ 
crete.  Many  Investigators  have  found  significant 
increases  In  Impact  tensile  strength  in  flber- 
relnforced  concrete  over  that  of  plain  concrete 
[18]. 

Radial  Inertia  effects  In  geotechnical  mate¬ 
rials,  which  nay  be  mistaken  for  strain-rate  ef¬ 
fects,  were  discussed  by  Glenn  and  Janach  [19]. 


ihey  observed  high  radial  accelerations,  which 
they  attributed  to  dllatancy  in  their  granite 
specimens,  and  suggested  that  the  lateral  con¬ 
finement  induced  by  this  radial  Inertia  causes 
the  core  of  the  cylinder  to  be  more  nearly  In  a 
state  of  uniaxial  atraln  than  uniaxial  stress. 
Their  tests  Involved  direct  impact  of  the  striker 
against  the  specimen  at  such  high  speeds  that 
failure  occurred  during  the  first  transit  of  Lhe 
wave  through  the  specimen. 

Young  and  Powell  [20]  Investigated  lateral 
Inertia  effects  In  SHPB  tests  on  Solenhofen  lime¬ 
stone  and  Westerly  granite.  By  means  of  embedded 
wire  loops  and  an  externally  applied  longitudinal 
magnetic  field  they  measured  radial  velocities, 
and  hence  determined  radial  accelerations  and 
calculated  radial-stress  confinement  In  tests 
with  loading  pulse  lengths  of  50  microsec  In 
specimens  of  length  46  to  52  mm.  The  Impact 
speeds  used  (23.9  to  61.4  o/s)  apparently  caused 
failure  dt  ring  the  first  passage  of  the  stress 
wave  through  the  specimen.  They  concluded  that 
the  Induced  radial  stress  field  is  capable  of 
producing  a  confining  pressure  sufficient  to 
account  for  Increases  of  compressive  strength 
observed  In  SHPB  experiments. 

Bertholf  and  Karnes  [21]  made  a  two-dimen¬ 
sional  numerical  analysis  of  the  SHPB  system  and 
concluded  that  with  lubricated  Interfaces  the 
one-dimensional  elastic-plastic  analysis  was 
reasonable  If  limitations  are  Imposed  on  strain 
rate  and  rise  time  In  the  Input  pulse  and 
specimen  length  to  diameter  ratio  Is  about  0.5. 

EQUIPMENT  AND  PROCEDURES 

The  experimental  facility  consists  of  a  gas 
gun,  which  propels  a  striker  bar  to  impact 
axially  the  Incident  pressure  bar,  which  trans¬ 
mits  the  loading  pulse  to  the  specimen  sandwiched 
between  the  Incident  pressure  bar  and  the  trans¬ 
mitter  pressure  bar.  Figure  1  Is  a  schematic  of 
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Fig.  1.  Schematic  of  Bars  and  Lagrange 
Diagram. 

the  pressure  bar  arrangement,  with  a  Lagrange 
diagram  above  it  Illustrating  the  elastic  weve 
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propagation  in  the  pressure  bars.  The  gas  gun 
was  fabricated  by  'i'erra-Tek  Systems,  Inc.  As 
currently  configured.  It  fires  a  30-inch-long, 
3-lnch-dtameter  61.28-lb  steel  striker  bar  to 
impact  at  speeds  VQ  up  to  50  ft/sec  with  firing 
chamber  pressures  up  to  500  psl.  Higher  speeds 
are  possible  with  a  lighter  Impactor  or  a  higher 
firing  pressure.  The  propellant  gas  Is  furnished 
by  a  nitrogen  bottle  (2000  psl  maximum).  The 
firing  chamber  was  proof  tested  to  3000  psl,  but, 
»' >  currently  configured,  a  safety  valve  In  the 
control  panel  limits  the  firing  pressure  to 
750  psl  to  avoid  damaging  the  pressure  gauge. 

The  whole  system  Including  gas  gun,  pressure  bars 
and  a  shock  absorber  with  6.5-inch  stroke  at  the 
far  end  Is  almost  30  feet  long. 

A  full  straln-gage  bridge  Is  permanently 
mounted  on  each  pressure  bar,  60  Inches  from  the 
specimen  Interface.  Each  bridge  consists  of  two 
double  element  strain  gages  (Micro-Measurements 
Type  WA-06-250TB-350)  mounted  on  opposite  sides 
of  the  bar.  The  gage  elements  are  oriented  to 
coincide  with  the  longitudinal  and  transverse 
directions  of  the  bar.  The  amplified  signals  are 
recorded  by  a  transient  recorder  consisting  of  a 
four-channel  Nlcolet  4094  digital  storage  oscil¬ 
loscope.  The  recorded  signals  are  displayed  by 
the  oscilloscope  and  also  stored  on  floppy 
diskettes  for  subsequent  analysis. 

Figure  2  shows  an  example  of  the  axial 
strain  signals  versus  time,  recorded  by  a  Hewlett 
Packard  7470A  digital  plotter  from  the  stored 
signals  In  the  digital  oscilloscope.  Compressive 
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Fig.  2.  Strain  Pulses  In  Pressure  Bars  and 

Axial  and  Transverse  Specimen  Surface 
Strains. 

strain  Is  plotted  upward.  After  the  passage  of 
the  first  Incident  pulse,  of  nominal  length 
300  microsec  (from  the  beginning  of  the  rise  to 
the  beginning  of  the  fall),  there  Is  a  dwell  time 
before  the  arrival  of  the  reflected  pulse  from 
the  specimen,  which  Is  recorded  at  the  same  gage 
station  as  the  incident  pulse.  Another  channel 
shows  che  pulse  transmitted  through  the  concrete 
specimen  Into  the  transmitter  bar.  Because  the 
two  gage  stations  are  equidistant  from  the  speci¬ 
men,  the  transmitted  pulse  arrives  at  the  trans¬ 
mitter-bar  gage  station  at  approxlutely  the  same 
time  as  the  reflected  pulse  arrives  back  at  the 
incident-bar  station,  delayed  only  by  the  transit 


time  of  the  leading  edge  of  the  pulse  through  the 
specimen.  Also  shown  are  records  from  two  strain 
gages  mounted  on  the  specimen  midway  between  its 
ends,  one  meas.  ring  axial  surface  strain  e.z  and 
one  measuring  transverse  (hoop)  strain  e0.  The 
drop  in  ez  at  424  mlcrosec  corresponds  to  a 
failure  In  the  specimen,  but  the  gage  continued 
to  function.  At  466  mlcrosec  the  £g  gage  failed. 

For  purposes  of  analysis,  the  digitally  re¬ 
corded  pulses  are  time  shifted,  so  that  time  zero 
coincides  with  the  Initial  arrival  at  the  speci¬ 
men  Interface,  as  Illustrated  In  Figure  3  where 
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Fig.  3.  Pressure  Bar  Interface  Stresses 

(time-shifted)  From  Record  of  Fig.  2. 

the  pressure-bar  strain  pulses  have  been  con¬ 
verted  to  stress  pulses  by  multiplying  by  the 
elastic  modulus  of  the  steel.  The  reflected 
pulse  oR  Is  shown  Inverted,  and  all  pulses  have 
been  shown  as  stresses  In  the  pressure  bars  at 
the  Interfaces  with  the  sped  ten.  The  total 
stress  a  at  the  Incident  lrcsrface,  which  is  the 
sum  of  the  Incident  o_  and  reflected  o  Is  also 
plotted.  The  Oj  record  rises  very  slowly  at 
first,  and  then  rises  smoornly  until  about  14 
KSI,  where  something  resembling  a  small  step 
occurs.  The  reason  for  this  is  not  certain,  but 
It  coul  ’  be  associated  v 1th  three-dimensional 
effects  at  the  pressure  -bar  end  Interacting  with 
the  axla.'  stress  waves  propagating  back  and  forth 
in  the  specimen.  Since  the  specimen  cross 
section  is  the  .ame  n  that  of  the  pressure  bar, 
In  the  one-dlmens<  Mial  analysis  the  stress  o.  Is 
considered  to  be  the  specimen  stress  at  the  first 
Interface,  and  the  specimen  stress  O2  »t  the 
second  interface  is  equal  to  the  transmitted 
stress  Of.  For  this  2.6-lnch  long  specimen,  o^ 
and  Oj  do  not  become  equal  before  the  maximum 
stress. 

Figure  1 4  shows  the  stress  a  ,  the  average 
stress  a  ■  y  (o  +  a.),  the  average  strain  rate 
e  deduced  ffom  the  difference  lr.  the  two 
interface  velocities  as  calculated  from  the  one- 
dlmenslonal  elastic  bar-wave  analyses  In  the 
pressure  bars,  and  the  average  strain  e  obtained 
by  numerical  Integration  of  the  average  strain 
rate,  all  plotted  versus  the  time  awaaured  from 
the  first  pulse  arrival  at  the  first  Interface. 
Note  that  the  strain  rate  Is  approximately  con¬ 
stant  In  the  vicinity  of  the  maximum  stresses, 


Fig.  4.  Transmitted  and  Average  Stresses, 

Strain  Rate  and  Strain  Vereus  Time. 

except  for  some  oscillations  Introduced  by  the 
oscillations  In  the  Incident  pulse.  Figure  5 
shows  a  and  o  versus  the  average  strain  £. 


Fig.  5.  Strena-Straln  Curves. 


Fig.  6.  Specimen  Gage  c.  Compared  with  SHPB 
Determination  of  Average  Strain  t. 

Figure  &  compares  the  average  strain  c  to 
the  specimen-gage  strain  cz ,  and  also  repeats  the 


average  stress  and  strain-rate  curves.  The  drop 
In  ez,  which  is  attributed  to  a  fracture  In  the 
specimen,  occurs  well  after  the  maximum  stress. 
The  gage  failure  In  Eg  occurs  sttll  later.  There 
is  a  plateau  In  the  Eg  record  near  the  middle  of 
the  stress  pulses.  As  may  be  seen  In  Figure  7 
this  plateau  Is  near  the  maximum  of  a  . 

Figure  7  also  shows  the  transverse  strain 
rate  | e & [  obtained  by  numerical  differentiation 
of  a  smoothed  Eg  record.  Its  rapid  rise  from 


Fig.  7.  Transverse  Strain  Rate  Indicates  That 
Significant  Radial  Acceleration  Occurs 
Only  After  Maximum  Stress  Is  Reached. 

about  100  to  140  mlcrosec  corresponds  to  a 
radially  outward  acceleration  of  the  surface, 
which  could  cause  lateral  inertia  confinement  of 
the  Interior  of  the  specimen.  Since  this  only 
appears  after  about  100  mlcrosec.  It  cannot 
account  for  the  dynamic  enhancement  of  the 
maximum  stress  that  can  be  attained.  The  static 
strength  of  these  specimens  lo  not  more  than  15 
KSI  and  o. ,  o?  and  a  have  all  far  exceeded  this 
value  well  before  the  100  mlcrosec  time  at  which 
radial  Inertia  effects  appesr.  In  these  tests  at 
moderate  Impact  speeds,  failure  occurs  well  after 
a  single  transit  time  of  the  stress  wave  through 
Che  specimen  (of  the  order  of  16  mlcrosec).  The 
rise  time  of  the  o  pulse  Is  about  100  mlcrosec. 

RESULTS 

Figures  8  and  9  summarize  preliminary  re¬ 
sults  on  four  types  of_hlgh-strength  concrete. 

The  maximum  value  of  o  attained  Is  plotted 
versus  the  average  strain  rate  at  the  maximum 
stress.  The  suitability  of  this  choice  of 
abscissa  it  open  to  question,  but  It  seems  to 
correlate  the  drts.  All  four  concretes  have  mix 
specifications  [see  Appendix]  with  water/cement 
ratio  around  0.24  -  0.27  and  are  specified  as  14 
KSI  concrete,  baaed  on  standard  static  unconflned 
compression  teats.  They  differ  mainly  In  the 
type  of  aggregate  used.  Three  of  them  were  pre¬ 
pared,  cured  and  cored  from  blocks  by  Terra  Tek, 
Inc.  of  Salt  Lake  City.  The  three  aggregates 
they  used  (maximum  size  1/2  ln.dla.)  are 
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designated  as  Andesite,  Seattle  gravel,  and  a 
lightweight  aggregate  called  Sollte.  The  fourth 
naterlal  with  a  manufactured  limestone  aggregate 
(maximum  size  3/8  inch)  was  prepared  at  the  U.  S. 
Army  Waterways  Experiment  Station,  cast  In  PVC 
pipe  molds  of  three-inch  diameter  and  cut  to 
length  after  cure.  They  were  further  machined 
and  ground  st  the  University  of  Florida  to  ensure 
end  face  parallelism  within  0.0005  inch. 

Figure  8  shows  Andesite  and  Seattle  gravel 
specimen  results.  The  3-lnch  diameter  by  3-inch 
long  Andesite  specimens  had  a  static  strength  of 
16.1  KS1  and  dynamic  strengths  varying  from  20.4 
up  to  26.0  KSI  at  a  strain  rate  of  77  s~  . 


Fig.  6.  Maximum  Stress  Versus  Strain  Rate 

at  Maximum  Stress:  Andesite  (upper) 
and  Seattle  Gravel  Concrete  (lower 
inverted  triangles). 

The  Inverted  triangles  In  the  lower  group  in 
Figure  8  represent  specimens  with  Seattle  gravel 
aggregate.  The  four  hollow  Inverted  triangles 
represent  tests  where  the  120-lnch-long  Incident 
bar  Impacted  the  specimen  directly  In  order  to 
provide  a  longer  loading  pulse.  Two  of  these 
direct  Impacts  Induced  failures  at  strain  rates 
as  low  as  3  s~  and  4.8  s-  .  The  dynamic 
strengths  by  the  conventional  SHPB  method  varied 
from  about  12  KSI  at  a  strain  rate  of  10  a-1  to 
18  KSI  at  118  a-1. 

Figure  9  shows  that  the  limestone  aggregate 
specimens  (solid  circles)  had  dynamic  strengths 
varying  from  20.6  KSI  at  9.31  s'1  to  29.9  KSI  at 
59.2  a  .  One  specimen  (not  shown)  supported  a 
dynamic  stress  of  19.2  KSI  without  fracture.  The 
highest  failure  stress  recorded  in  the, Sollte 
rests  was  19.6  KSI. 


Fig.  9.  Maximum  Stress  Versus  Strain  Rate  at 
Maximum  Stress:  limestone  Aggregate 
(circles)  and  Sollte  lightweight 
Aggregate  (squares). 

There  are  some  very  important  questions 
Involved  in  these  dynamic  teats  for  which  we  do 
not  yet  have  answers.  For  example,  what  is 
happening  in  the  limestone  aggregate  specimen  of 
Figure  5  during  the  time  from  about  100  to  140 
mlcrosec  where  a.  and  the  average  axial  strain 
rate  are  approximately  constant?  This  cor¬ 
responds  approximately  to  the  previously  men¬ 
tioned  Interval  of  radially  outward  acceleration 
of  the  sprface  where  lateral  inertia  confinement 
may  be  important,  associated  with  the  dllatancy 
In  this  pact  of  the  deformation.  The  end  of  this 
Interval  also  matches  approximately  the  drop  in 
the  recorded  specimen  axial  strain  at  about  135 
mlcrosec,  which  we  have  attributed  to  a  fracture 
where  the  part  of  the  surface  on  which  the  axial 
strain  gage  was  mounted  broke  off  and  was  no 
longer  subjected  to  the  axial  loads. 

CONCLUSION 

Despite  the  uncertainty  In  the  Interpre¬ 
tation  of  the  later  part  of  the  deformation.  It 
appears  that  the  SHPB  technique  la  a  useful  tool 
for  determining  the  dynamic  strength  of  concrete, 
at  least  st  the  moderate  impact  speeds  leading  to 
failure  strain  rates  below  about  100  s”  ,  It 
appears  that  these  maximum  streaaes  cannot  be 
attributed  to  lateral  Inertia  confinement.  The 
analysis  of  the  part  of  the  loading  up  to  the 
maximum  stress  may  be  possible  with  some  sort  of 
damage-accumulation  model,  but  this  has  not  yet 
been  attempted. 
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APPENDIX 

Mix  for  Terre  Tek  High  Strength  Concretes 
[0.75  Cubic  Foot  Mix  («)J 
Water/Cement  Ratio  0.26 

Water  (b)  7.52  lb  @  9’C 

DARACAM  100  Superplasticizer  (c)  425  cc 

Type  II  Portland  Cement  18.33  lb 

Haaa  Microsilicate  (Silica  Fume)  3.9  lb 

Flyash  3.9  lb 

Fine  Aggregate  (#4  Concrete  Sand)  39.9  lb 

Coarse  Aggregate  (d)  41.67  lb 

a  -  Slump  varies  from  4  to  9  Inches, 
b  -  Varies  depending  on  water/cement  ratio  and 
absorption  properties  of  aggregates  rom 
0.24  ro  0.27 

c  -  Varies  from  400  to  550  cc. 
d  -  Andesite  or  rounded  river  gravel 

Mix  for  Waterways  Experiment  Station  Concreta 
[1  cubic  yard]  Slump  8.5  Inches 
Water/Cement  Ratio  (baaed  on  total 

cementitious  material)  0.27 

Type  I  Portland  Cement  850  lb 

Silica  Fume  150  lb 

Fine  Aggregate  (Manufactured  limestone  from 

Vulcan  Materials,  Calera,  Ala.)  1860  lb 

Coarse  Aggregate  (Manufactured  limestone, 

maximum  size  3/8  inch)  10D8  lb 

Water  270  lb 

High  Range  Water  Reducing  Add  Mixture  20  lb 

DAXAD-19-2X  by  weight  of  cementitious  material 

( suparplas 1 1 ct  zer ) . 

Prepared  by  Concrete  Technology  Division,  WES 
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ABSTRACT 

Concrete  structures  and  members  are  sometimes 
exposed  to  high  rates  of  loading.  The  loads  may  be 
from  earthquakes,  explosively  produced  alrblast  or 
ground  motion,  or  Impact  devices.  The  response  of 
the  material  to  high  rates  of  loading  must  be  known 
to  provide  an  adequate  design  that  Is  not  overly 
conservative  for  these  members  or  structures.  The 
knowledge  of  material  behavior  Is  also  Important 
for  the  analysis  of  experimental  data.  To  enlarge 
the  currently  Inadequate  data  base  required  for  the 
development  of  concrete  constitutive  models  that 
incorporate  strain  rates  up  to  10/s,  an  experimen¬ 
tal  program  was  Initiated.  The  data  from  the 
experimental  tests  will  be  used  to  advance  the 
development  of  a  viscoplastic  model  for  frictional 
materials.  This  paper  Includes  a  detailed  descrip¬ 
tion  of  the  new  experimental  device  used  In  the 
program.  Also  Included  are  preliminary  uniaxial 
stress  results.  Limitations  and  extensions  of  the 
current  device  are  discussed,  as  are  the  conse¬ 
quences  of  some  design  features.  These  features 
include  the  specimen  site  and  the  appropriate  range 
of  strain  rates. 


INTRODUCTION 

Many  of  the  mechanical  properties  of  concrete 
are  affected  by  the  rate  at  which  the  concrete  Is 
loaded.  The  extent  to  which  a  property  Is  affected 
depends  on  the  property  being  considered  and  the 
method  used  to  prepare  and  test  the  concrete.  As 
the  first  step  In  the  Investigation  of  strain  rate 
effects  in  concrete,  a  literature  survey  was  per¬ 
formed  (Ref.  1).  The  survey  revealed  a  basic  lack 
of  experimental  data  that  could  be  used  for  mate¬ 
rial  model  development.  Although  data  from  uniax¬ 
ial  stress  tests  at  various  strain  rates  are  avail¬ 
able,  significant  pieces  of  Information,  such  as 
lateral  strains  and  static  behavior,  are  often 
missing.  Almost  no  data  exist  for  any  other  stress 
path. 

A  two-pronged  approach  that  will  help  close 
the  gap  In  the  experimental  data  and  provide 

^he  work  Is  sponsored  by  the  Air  Force  Office 
of  Scientific  Research,  Contract 
Nc.  F29601-81-C-0013. 


adequate  material  models  for  frictional  materials 
subjected  to  high  rates  of  loading  was  proposed  In 
Reference  1.  The  experimental  program  was  to  be 
conducted  In  conjunction  with  the  development  of  a 
third-invariant  plasticity  model.  The  program  was 
scheduled  to  consist  Initially  of  uniaxial  stress 
tests,  but  the  technique  to  be  used  was  one  that 
could  be  developed  later  for  performing  multlaxlal 
stress  tests  at  high  rates  of  loading.  The  results 
of  these  tests  were  then  to  be  used  to  verify  the 
material  model  and  to  Identify  areas  requiring 
improvement. 

To  accomplish  these  goals,  the  following  tasks 
were  scheduled  for  this  work  phase;  complete  the 
design  of  the  experimental  testing  device,  con¬ 
struct  the  device,  and  begin  the  evaluation  tests. 
The  evaluation  tests  were  to  be  used  to  develop 
needed  instrumentation,  operation  procedures,  and 
apparatus  configurations  that  would  provide  the 
required  data.  If  the  evaluation  tests  were  suc¬ 
cessfully  completed,  production  tests  were  to  be 
Initiated.  In  this  paper,  the  progress  made  toward 
meeting  these  objectives  Is  described. 

DESIGN  CONSIDERATIONS  FOR 

EXPERIMENTAL  TEST  DEVICE 

Concrete  has  been  tested  In  uniaxial  stress  at 
high  strain  rates  frequently  enough  that  signifi¬ 
cant  parameters  are  becoming  apparent  and  a  data 
base  is  being  built.  Data  from  multlaxlal  stress 
tests  at  high  rates  of  strain,  on  the  other  hand, 
are  virtually  nonexistent.  Because  of  the  lack  of 
multlaxlal  data,  any  attempt  to  model  the  multlax- 
lal  behavior  of  concrete  requires  that  assumptions 
be  made.  The  effects  of  high  strain  rates  on  the 
three-dimensional  behavior  of  concrete  are  unknown. 
To  fill  this  void,  a  re’atlvely  simple  and  Inexpen¬ 
sive  testing  procedure  Is  proposed. 

Concrete  Is  used  In  a  number  of  applications 
that  expose  the  concrete  to  high  strain  rates. 
Alrblast  and  ground  motion  loadings  from  explosive 
shocks  are  two  examples  of  such  exposure.  Other 
examples  include  the  Impact  driving  of  concrete 
piles,  the  accidental  dropping  of  concrete  struc¬ 
tural  members  during  handling,  high  winds,  earth¬ 
quakes,  and  sudden  Increases  In  pressure  In  con¬ 
crete  vessels.  Most  of  these  events  can  Involve 
strain  rates  ranging  from  virtually  static  ( 10- 6/s ) 
to  as  high  as  10®/s.  It  has  been  shown  that  at 
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strain  rates  of  less  than  about  0.1/s,  Insignifi¬ 
cant  or  confusing  and  unconflrmable  results  are 
obtained  (Ref.  2).  On  the  other  hand,  for  the 
large  majority  of  strain  environments  that  struc¬ 
tures  are  expected  to  survive,  particularly  air- 
blast,  ground  shock,  wind,  and  earthquake,  the 
strain  rates  are  less  than  10/s.  For  these  rea¬ 
sons,  the  strain  rates  sought  In  an  experimental 
program  should  fall  between  0.1/s  and  10/s. 

The  rise-time  to  peak  strejs  can  be  determined 
for  a  particular  concrete  once  e  Is  given.  The 
stress  rate,  o,  can  be  approximated  for  uniaxial 
stress  by 

o  =  Ee 

where  E  Is  the  modulus  of  elasticity.  To  find  the 
approximate  rise-time  for  a  given  strain  rate,  the 
stress  rate  Is  calculated,  and  the  time  required  to 
reach  f'  can  then  be  determined.  For  example,  at  a 
strain  rate  of  10/s  and  a  compressive  strength  of 
27.6  MPa  (an  average-strength  concrete),  E  Is  cal¬ 
culated  to  be  2.5  x  10“  HP a  (Ref.  3),  and  5  Is 
25  x  104  MPa/s.  Therefore,  time  to  f'z  Is  0.1  ms. 

The  size  of  the  concrete  test  specimen  Is 
constrained  by  two  factors.  The  minimum  size  Is 
limited  by  the  nonhomogeneous  nature  of  concrete. 
The  specimen  must  be  large  enough  to  ensure  that 
the  nonhomogeneities  in  the  concrete  can  be 
neglected.  Generally,  the  specimen  must  be  at 
least  10  times  the  size  of  the  largest  aggregate  In 
the  mix.  Usually,  a  3/8-1n  coarse  aggregate  Is 
used,  which  means  that  the  minimum  specimen  size  is 
about  100  mm.  Conversely,  to  eliminate  the  effects 
of  Inertia  the  maximum  specimen  size  must  be 
limited  in  order  to  minimize  the  transit  time  of 
the  wave  (or  to  maximize  the  number  of  wave  reflec¬ 
tions).  If  the  number  of  wave  reflections  Is  not 
sufficiently  large  during  loading,  the  strain 
across  the  specimen  cannot  be  considered  uniform 
and  the  equations  of  motion  will  have  to  be  solved 
and  constitutive  Information  backed  out  Indirectly. 
For  a  large  number  of  reflections  the  response  can 
be  considered  homogeneous  and  quasl-statlc.  The 
transit  time  is  calculated  from  the  wave  speed  in 
concrete  (about  3000  m/s)  and  from  the  specimen 
size.  The  minimum  specimen  size  of  100  mm  gives  a 
transit  time  of  about  33  us.  With  a  strain  rate  of 
10/s,  the  rise  time-  Is  calculated  to  be  0.1  ms,  and 
three  reflections  will  occur  before  failure.  A 
strain  rate  of  0.1/s  requires  a  rise-time  of  10  ms, 
and  300  reflections  will  occur  before  failure. 

Three  hundred  reflections  are  more  than  enough  to 
ensure  that  the  effects  of  inertia  will  not  signif¬ 
icantly  affect  the  results;  three  reflections  prob¬ 
ably  are  not  enough.  The  minimum  number  of  reflec¬ 
tions  will  have  to  be  determined  analytically  by  a 
comparison  of  the  dynamic  solution  with  the  static 
solution.  As  an  Initial  estimate,  at  least  25  to 
50  reflections  will  be  required,  which  would  limit 
the  highest  quasl-statlc  k  to  about  1/s.  If  the 
specimen  Is  loaded  from  both  sides,  which  effec¬ 
tively  reduces  the  transit  time  by  one-half,  a 
quasl-statlc  6  of  about  2/s  could  be  obtained. 
Higher  strain  rates  can  be  achieved,  but  the 


calculation  of  stress  may  Involve  the  use  of  the 
equation  of  motion. 

Figure  1  (Ref.  4)  shows  typical  examples  of 
pressure  histories  for  some  propellants.  It  Is 
evident  that  rise-times  of  less  than  10  ms  can  be 
achieved;  thus,  these  materials  could  be  used  to 
obtain  the  required  loading  rates.  Gunpowder, 
another  readily  available  propellant,  can  produce  a 
faster  rise-time  as  well  as  higher  pressures  than 
those  shown  In  figure  1  and  thus  represents  an 
option  to  be  considered. 

DESCRIPTION  OF  APPARATUS 

Several  designs  for  the  testing  device  were 
considered.  The  final  configuration  consists  of 
cylindrical  segments  bolted  together  with  f’anges. 
Figure  2  Is  a  schematic  view  of  the  device.  The 
overall  height  of  the  apparatus  Is  about  1  m.  Two 
chambers  are  Included  to  provide  more  control  over 
the  burning  of  the  propellant  used  as  the  driving 
force  In  the  tests. 

The  walls  of  the  barrel  are  made  from  4142 
steel  tubing  with  a  10.2-cm  (4-1 n)  Inside  diameter 
and  a  16.5-cm  (6.5-In)  outside  diameter.  The 
flanges  are  standard  1500-lb  flanges.  A  plate  Is 
Inserted  between  the  top  two  flanges  to  close  off 
the  upper  chamber.  This  plate  Is  2.54  cm  (1  In) 
thick  and  has  two  safety  rupture  disc  devices.  The 
discs  are  calibrated  to  rupture  In  case  the  pres¬ 
sure  should  rise  above  68.9  MPa  (10,000  lb/1n2). 
Another  plate  Is  Inserted  between  the  lower  chamber 
and  the  upper  chamber.  In  this  plate,  which  Is 
also  2.54  cm  (1  In)  thick,  are  venting  holes  that 
allow  the  pressure  created  by  the  burning  propel¬ 
lant  to  escape  Into  the  lower  chamber,  where  the 
load  cell  and  specimen  are  located.  The  venting 
has  two  purposes;  (1)  to  reduce  the  temperature 
load  on  the  cell,  and  (2)  to  provide  some  control 
over  the  rise-time.  The  second  purpose  Is  of 
particular  Interest  If  a  high-density  or  a  fast¬ 
burning  propellant  Is  used.  These  types  of  charges 
will  give  a  very  fast  rise-time,  and  the  venting 
plate  can  be  used  to  reduce  the  rise-time  to  the 
desired  value.  However,  the  charge  currently  In 
use  Is  producing  an  appropriate  rise-time  without 
the  venting;  therefore,  the  plate  Is  used  primarily 
to  prevent  the  burning  propellant  from  coming  Into 
contact  with  the  load  cell. 

PROPELLANT  CHARGE  DESIGN 

The  Department  of  the  Army  has  issued  a  pro¬ 
pellant  design  handbook  (Ref.  5)  that  Includes  an 
algorithm  for  determining  the  characteristics  of 
burning  propellants.  The  propellant  parameters 
have  been  Identified  at  arsenals  where  these  pro¬ 
pellants  are  In  common  use.  The  algorithm  Is  coded 
to  Include  a  "closed  bomb"  configuration,  which 
corresponds  to  rigid  boundaries,  and  a  configura¬ 
tion  that  permits  dlsplacenents  of  the  boundary 
based  on  the  linear  elastic  constitutive  properties 
of  the  material  surrounding  the  propellant. 
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Pressure  histories,  which  are  particularly 
relevant  for  observing  rate  effects  In  concrete, 
can  be  obtained  for  various  propellants  using  t.he 
propellant  burn  algorithm.  These  histories  Indi¬ 
cate  that  the  peak  pressure  In  a  chamber  depends  on 
the  density  of  the  propellant.  Rise-times  depend 
on  both  the  Initial  density  and  the  propellant 
type.  Higher  Initial  loading  densities  give  faster 
rise-times  and  higher  peaks.  Iterating  for  differ¬ 
ent  densities  and  propellants  showed  that  for  the 
desired  pressure  histories,  a  fast-burning  propel¬ 
lant  at  a  low  density  was  required.  The  difficulty 
with  low  charge  densities,  however.  Is  that  the 
propellant  may  extinguish  Itself  If  any  movement  of 
the  boundaries  of  the  chamber  occurs.  This  reac¬ 
tion  Is  due  to  the  Interaction  between  pressures 
and  burn  rates  for  propellants.  To  ensure  that  the 
propellant  would  bum  properly,  a  relatively  high 
density  (35  percent  by  weight)  of  a  fairly  large- 
grain,  and  therefore  slow-burning,  propellant  was 
used.  This  charge  gave  too  high  a  peak  pressure- 
over  138  MPa  (20,000  lb/1n2)— and  too  short  a  rise 
time  and  caused  some  minor  damage  to  the  device. 
Once  the  device  had  been  repaired,  lower  charge 
densities  were  tried  to  determine  whether  the 
charges  could  maintain  their  burn.  A  small  charge 
at  a  5-percent  density  was  tried  next.  Only  the 
lower  chamber  was  used  In  this  test.  One  continu¬ 
ous  solid  steel  cylinder  was  used  to  simulate  the 
load  cell  and  specimen  In  order  to  avert  a  cavity 
expansion  that  could  cause  the  propellant  to  stop 
burning.  The  results  of  this  test  were  encourag¬ 
ing,  except  that  the  top  of  the  solid  steel  cylin¬ 
der  was  scorched  by  the  burning  propellant. 

In  an  attempt  to  reduce  the  heat  load  on  the 
load  cell,  a  plate  was  introduced  between  the  upper 
and  lower  chambers.  Vent  holes  In  the  plate  allow 
the  high-pressure  gas  to  vent  to  the  lower  chamber 
where  the  load  cell  Is  located.  Because  the  pro¬ 
pellant  actually  burns  In  the  upper  chamber,  away 
from  the  load  cell,  the  cell  Is  not  subjected  to 
the  Intense,  direct  heat.  The  propellant  density 
was  Increased  gradually  over  the  next  few  experi¬ 
ments  to  bring  the  peak  pressure  up  to  about 
41.4  MPa  (6000  lb/m2).  The  shortcoming  of  the 
current  setup  is  the  occurrence  of  leakage,  which 
prevents  the  pressure  from  Increasing  to  its  full 
potential  and  also  causes  the  pressure  to  decay  to 
rapidly.  In  the  next  set  of  tests,  gaskets  will 
be  used  to  reduce  or  prevent  leakage. 

A  summary  of  the  propellant  type  and  charge 
density  for  each  test  fired  to  date  Is  provided  In 
Table  1.  The  peak  pressures  achieved,  as  measured 
by  the  pressure  gage  for  the  lower  chamber,  are 
also  Included.  Typical  pressure  and  concrete 
strain  history  ^lots  are  shown  In  Figure  3. 

Because  of  a  time  shift  between  the  concrete  strain 
record  and  the  record  of  pressure  In  the  lower 
chamber,  no  pressure-strain  curve  Is  Included. 

LOAD  CEIL  DEVELOPMENT 

Commercially  manufactured  load  cells  are  not 
designed  to  be  Inserted  into  a  cylindrical  barrel. 
Therefore,  a  special  developmental  effort  was  con¬ 
ducted.  Specifications  for  the  cell  Included  the 
following:  it  must  be  rugged  enough  to  survive 


repeated  tests;  Its  physical  dimensions  are 
restricted;  and  It  must  provide  linear  response 
over  the  pressure  range  of  Interest. 

The  Initial  calibration  tests  Indicated  that 
the  original  load  cell  was  linear  and  reliable  up 
to  the  desired  force  level.  To  measure  the  Poisson 
effect,  the  cell  was  Instrumented  with  two  vertical 
and  two  horizontal  semiconductor  strain  gages 
mounted  on  a  column.  The  full  bridge  provided 
temperature  compensation  and  a  good  response.  The 
difficulty  with  this  load  cell  was  that  because  the 
gages  and  wires  were  exposed  to  the  heat,  gage 
survivability  was  poor. 

To  obtain  better  survivability,  a  second  load 
cell  was  developed.  On  this  cell  the  strain  gages 
are  mounted  in  the  interior  of  a  hole  drilled  part 
way  through  the  wall  of  the  aluminum  cylinder.  A 
side  exit  Is  provided  for  the  wire,  and  a  steel 
pipe  screwed  Into  the  exit  protects  the  wires  from 
the  heat.  The  first  of  this  type  of  load  cell  was 
Instrumented  with  U-shaped  strain  gages  that  could 
not  provide  linear  results  because  of  the  curvature 
of  the  hole.  In  the  next  model,  a  straight  strain 
gage  that  did  not  have  to  be  curved  around  the  hole 
was  used. 

Gage  survivability  for  this  load  cell  was 
adequate.  However,  the  gage  did  not  provide  a 
linear  response  because  of  the  response  of 
the  hole  to  compressive  loads. 

The  third  design  was  again  a  column-based  load 
cell  design.  For  better  protection,  a  cover  for 
the  strain  gages  was  added.  Further  tests  will  be 
conducted  to  verify  the  adequacy  of  the  design. 

EXTENSIONS 

Because  of  the  difficulty  of  developing  an 
adequate  load  cell,  production  tests  have  not  been 
accomplished.  These  tests  will  be  made  early  In 
the  new  work  phase,  while  a  new  device  Is  being 
designed  and  built  for  biaxial  testing.  In  addi¬ 
tion  to  the  experimental  program,  models  will  be 
developed  from  the  data  from  the  uniaxial  stress 
tests  and  from  biaxial  stress  data  If  available. 

The  design  for  the  biaxial  testing  device  will 
be  based  on  the  latest  design  for  the  uniaxial 
device.  Essentially,  two  devices  will  be  oriented 
to  load  orthogonal  axes  of  a  cubical  specimen. 
Several  difficulties  that  are  Immediately  apparent 
Include  using  a  cylindrical  barrel  to  load  a  square 
surface.  Instrumenting  three-dimensional  concrete 
specimens,  and  firing  two  devices  simultaneously. 
These  and  other  difficulties  will  be  addressed  as 
the  designing  of  the  device  progresses. 
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TABLE  1.  TEST  SUWARY 


Test 

No.  Bate 


1  6-29-84 

2  8-3-84 


Propellant  I  density 
type  py  vol ume 


8- 31-84 

9- 6-84  Black  powde 

9- 13-84  Black  powde 

10- 5-84  Black  powde 


Peak 

pressure 

Total 

Load 

In  lower 

charge. 

Specimen 

cell 

chamber 

Comments 

kg  (lb) 

MPa  (lb/1n2) 

2.27  (5) 
0.16  (0.35) 

m 

Aluminum 

Steel 

138  (>20,000) 

Damaged  device 
Small  chamber 

28.3  (4,100) 

only 

0.32  (0.70) 

Steel 

Steel 

Larger  chamber 
with  vent  plate 

0.39  (0.85) 

Steel 

Steel 

31.7  (4,595) 

Larger  chamber 
with  vent  plate 

0.39  (0.85) 

Concrete 

Alumlman 

26.9  (3,900) 

Larger  chamber 
with  vent  plate 

0.45  (1.0) 

Concrete 

Aluminum 

20  (2,900) 

Larger  chamber 
with  vent  plate 

0.7  HPa-s 
0.6  MPa-s 
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A  NEW  TECHNIQUE  FOR  STUDYING  THE  DYNAMIC  TENSILE  RESPONSE  OF  CONCRETE 


Janes  K.  Gran 


SRI  International  Menlo  Park,  California  94025 


INTRODUCTION 


Tensile  failure  In  concrete  Is  produced  by  tiie 
nucleatlon,  growth,  and  coalescence  of  micro- 
cracks.  The  tensile  strength  is  the  stress  at 
which  this  process  of  accumulating  damage  becomes 
locally  unstable.  Once  the  material  has  become 
unstable,  its  resistance  to  further  deformation 
quickly  vanishes.  An  ideally  brittle  material 
would  lose  all  its  strength  Instantaneously.  In 
real  materials,  including  concrete,  the  strength 
reduction  Is  a  function  of  further  accumulating 
tensile  damage  and  requires  a  finite  time  to  occur. 

The  objectives  of  this  work  were  to  develop 
and  demonstrate  experimental  and  analytical  tech¬ 
niques  to 

(1)  Obtain  a  measure  of  the  tensile  strength 
and  the  strength  reduction  as  a  function 
of  accumulating  tensile  damage  for  con¬ 
crete  at  strain  rates  of  about  10/s. 

(2)  Study  the  effect  of  confining  pressure  on 
concrete  tensile  failure  at  these  strain 
rates. 


EXPERIMENTAL  TECHNIQUE 

The  concept  of  the  experiments  Is  shown  in 
Figure  1.  A  cylindrical  rod  Is  Initially  held  In 
static  compression.  In  both  the  avlal  and  radial 
directions.  The  pressure  at  each  end  of  the  rod  is 


figure  i  dynamic  tensile  loading  device 

released  simultaneously,  sending  axial  relief  waves 
toward  the  center.  Individually,  these  waver  bring 
the  rod  only  to  zero  axial  stress,  hut  'then  they 
superpose  at  the  midpoint,  they  bring  the  rod  to  a 
tensile  stress  equal  to  the  original  axial  comprer- 
alon.  Fracture  occurs  at  the  center  of  the  rod  it' 
the  original  axial  compression  exceeds  the  tensile 
strength  and  if  the  rod  Is  long  enough  that 
compressive  reflections  from  the  ends  do  not 
inhibit  fracture. 

A  photograph  of  the  tensile  testing  device 
with  an  unconflned  specimen  Is  shown  In  Figure  2. 


S  V 


The  device  t->sts  5.1-cm-dlanseter,  V6.2-cm-long  rod! 
at  stresses  up  to  20  MPa.  The  static  erd  piessure 
is  removed  in  about  30  fi s,  producing  strain  rates 
in  concrete  of  about  10/s. 

The  essential  component  of  the  tensile  testing 
apparatus  is  the  relief  wave  generator  at  each  end 
of  the  rod.  A  drawing  of  Its  design  is  shown  in 
Figure  3.  It  consists  of  an  aluminum  bore  block 


FIGURE  3  RELIEF  WAVE  CENERAtOR 

into  which  the  end  of  a  rod  specimen  and  a  plastic 
piston  fit  to  form  a  chamber  for  oil.  The  oil  is 
pressurized  via  a  small  orifice  through  the  wall  of 
the  bore  block.  The  rod  and  piston  saal  the  pres¬ 
surized  oil  in  the  chamber  with  rubber  O-rings. 
The  piston  Is  held  in  place  by  a  thin-vallad  steel 
support  tube,  which  presses  against  a  reaction 
plate  bolted  to  the  bore  hlock.  The  rod  is  held  in 
place  by  an  Identical  unit  at  the  other  end,  with 
the  two  bore  blocks  bolted  together.  The  support 
tube  comprises  three  sections,  one  of  which  is  a 
segmented  ring  that  is  explosively  driven  inward  to 
free  the  piston  jni  initiate  decompression  of  the 
oil.  The  lings  in  the  support  tubes  are  removed 
with  an  estimated  simultaneity  of  less  than 
5  (is,  using  strands  of  sheet  explosive. 

The  radial  presaure  (confinement)  remains  con¬ 
stant  during  an  experiment,  but  is  an  Independent 
parameter  that  can  be  varied.  In  experiments  with 
confinement,  an  aluminum  tube  is  used  to  hold  the 
radial  pressure  and  to  space  the  bore  blocks.  In 
experiments  without  confinement,  s  Plexiglas  tube 
is  used. 

To  define  the  loads  In  these  experiments,  the 
pressure  is  measured  in  the  chamber  at  each  end  of 
the  rod  and  in  tho  confining  pressure  chamber  sur¬ 
rounding  the  rod.  The  measurements  are  made  with 
commercially  available  diaphragm-type  pressure 
gages.  One  gage  is  mounted  in  each  bore  block  so 
that  the  sensing  diaphragm  la  flush  with  the  wall 
of  the  oil  cavity.  A  single  gage  is  also  mounted 


at  the  midpoint  of  the  coni ining  pressure  chanber, 
the  diaphrsgu  flush  with  the  ins’de  surface  of  the 
chamber  (1.3  cm  from  the  radial  surface  of  the 
ron) . 


Axial  and  circumferential  surface  strains  are 
measured  at  several  Inactions  on  the  rod,  using 
commercially  available  2.5-era-long  foil -type  strain 
gages.  Axial  strain  is  measured  at  four  loca¬ 
tions  10  cm  from  each  end  of  the  rod  and  7.6  cm 
from  the  midpoint  on  both  halves  of  the  rod.  Cir¬ 
cumferential  strain  is  measured  only  at  the  symme¬ 
tric  points  7.6  cm  from  the  midpoint.  At  jacn 
measurement  location,  three  gages  are  mounted  nr 
120-degree  Intervals. 


EXPERIMENTS  Ob'  UNCONFINED  RODS 


Test  42 


Test  42  was  a  dynamic  tension  test  <  f  a  con¬ 
crete  rod  with  no  confinement  and  a  static  axial 
preload  #of  10.55  MPa.  The  static  unaxlal  tensile 
strength  of  the  concrete  was  about  3.5  MPa,  the 
static  uniaxial  compressive  strength*  was  about  50 
MPa.  The  static  elastic  modulus  was  24.1  CPa; 
Poisscn’s  ratio  was  0.2.**  The  rod  failed  in  dyna¬ 
mic  tension  nt  a  single  location,  0.46  cm  from  the 
midpoint,  and  no  secondary  damage  was  visible. 

The  axial  strains  at  +/-7.6  cm  are  shown  In 
Figures  4  and  5.  In  the  time  scale  of  these  plots, 
the  explosive  charge  was  initiated  at  t  "  0.100 
ma.  All  the  strain  records  were  scaled  to  cor- 
-espond  to  the  average  static  elastic  moduli.  At 
both  locations,  the  strains  are  fairly  uniform  even 
after  the  effects  of  tensile  failure  arrive. 

The  *•  fects  of  dispersion  are  noticeable  in 
the  axial  strains  at  +/-7.6  cm  at  the  beginning  of 
the  pulse.  At  about  t  "  0.3R0  ms,  these  strains 
show  the  effect  of  tensile  failure.  The  nominal 
wave  speed,  calculated  from  the  times  of  arrival  of 
the  input  and  fracture  waves  at  +/-7,6  cm,  was 
3.175  km/a.  This  is  5X  lower  than  the  bar  speed 
computed  from  the  measured  density  and  static  elas¬ 
tic  modulus. 

The  strain  rate  at  the  front  of  the  fracture 
signals  is  about  10/s,  so  the  strain  rate  at  the 
failure  location  was  about  20/s.  At  -7.6  cm,  7.1 
cm  from  the  failure  location,  the  peak  average 
strain  was  160  strain.  At  +7.6  cm,  8.1  cm  from 
the  failure  location,  the  peak  average  strain  was 


The  tensile  strength  was  determined  from 
split-cylinder  testr  on  samples  taken 
from  the  rod  alter  the  dynamic  tension 
test . 

*  The  compressive  strength  was  determined 
from  teste  on  specimens  taken  from  a 
companion  rod. 

**The  leasLic  constrains  were  determined 
from  the  measurement  of  the  scatlc  axial 
preload  and  the  average  initial  strains. 
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(b)  Average  Strain 

JA-4461  -39 


FIGURE  4  AXIAL  STRAIN  RECORDS  AT  -7.8  cm  IN  TEST  42 


(7.1  cm  from  frtctur*  location) 


J  A -4451  -SO 


FIGURE  C  AXIAL  STRAIN  RECORDS  AT  7.8  cm  IN  TEST  42 
(8.1  cm  from  fraeturs  location) 


21C  ^strain.  The  elastic  axial  strcra  computed 
froa  the  highest  measured  atrtln  is  about  5  MPa, 
aore  than  40X  higher  than  the  static  tensile 
strength. 


Test  43 


Test  43  was  essentially  identical  to  Test 
42.  It  w*s  conducted  with  no  confinement  and  a 
static  axial  preload  of  10.55  MPa.  The  specimen 
was  made  at  the  saice  time  as  tha  one  tested  in  Test 
42.  The  static  unaxlal  tensile  strength  of  the 
concrete  was  about  3.75  MPa,  the  static  uniaxial 
compressive  strength  was  about  50  MPa.  The  static 
elastic  (nodules  waa  2n .7  GPa;  Polaaon'r  ratio  was 
0.2.  The  rod  failed  In  dynamic  tension  at  a  single 
location,  only  0.10  cm  from  the  midpoint,  and  no 
secondary  damage  waa  vluible. 

The  Individual  axial  strains  at  17-7.6  cm  are 
shown  in  Figure  0  and  7.  The  strains  are  not  as 
uniform  as  in  Test  42,  especially  after  the  effects 
of  fracture  arrive.  However,  the  average  strains 
are  very  nearly  the  same  as  In  that  test.  The 
nominal  wave  speed  was  3.243  km/s.  This  Is  about 
3X  lower  than  the  bar  speed  computed  from  the 
cieasured  density  and  state  elastic  modulus. 


(a)  Individual  Strains 


0.25  0.3  0.35  0.4  0.45  0.6 

TIME  (ms) 

(b)  Average  Strain 

JA-44S1  -45 

FIGURE  6  AXIAL  STRAIN  RECORDS  AT  -7.0  cm  IN  TEST  43 
(7.5  cm  from  fracturs  location) 


The  strain  rate  at  the  front  of  the  fracture 
signals  Is  about  10/s,  ao  the  strain  rate  at  the 
failure  location  was  about  20/s.  The  peak  average 
tensile  strains  at  these  locations  ere  170  and  190 
pstrain,  the  higher  of  which  corresponds  to  ar. 
elastic  stress  of  about  4.7  MPa.  This  la  about  25Z 
higher  than  the  static  tensile  strength. 


EXPERIMENTS  ON  CONFINED  RODS 


Test  44 


Test  44  wee  a  dynamic  tension  test  of  a 
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FIGURE  7  AXIAL  STRAIN  RECORDS  AT  7.6  cm  IN  TEST 43 
(7  7  cm  from  fracture  location) 

concrete  rod  with  a  hydrostatic  preload  of  10.31 
MT a.  The  specimen  was  made  at  the  same  time  as  the 
ones  tested  in  Tests  42  and  43.  The  static 

uniaxial  compressive  strength  was  about  50  MPa. 
The  static  elastic  modulus  was  28.4  GPa.  The  rod 
failed  in  dynamic  tension  at  two  locations,  +2.2  cm 
end  -15.2  cm.  The  fractures  passed  through  the 
mortar,  voids  in  the  mortar,  morrar/aggregate 
Interfaces,  and  some  of  the  larger  aggregates.  No 
large  voids  existed  at  either  section. 

The  dynamic  pressure  histories  are  shown  in 
Figure  8.  The  axial  unloading  occurs  in  about 
25  us  and  is  simultaneous  at  the  two  ends.  The 
radial  pressure  is  constant  until  the  stress  waves 
in  the  rod  reach  the  gage  location  (midpoint  of  the 
rod),  and  it  remains  within  l  MPa  of  the  initial 
value.  The  variation  in  radial  pressure  appears  to 
follow  the  circumferential  strain  (not  shown), 
suggesting  that  the  pressure  variation  is  caused  by 
volume  changes  in  the  specimen. 

The  average  axial  strain  histories  at  +Z-7.6 
cm  are  shown  in  Figure  4.  The  records  free  the 
three  gages  at  each  location  were  averaged  elec- 
tronlcilly  before  recording.  The  records  were  also 
scaled  to  correspond  to  the  average  static  elastic 
moduli.  Because  the  preload  was  hydrostatic 
compression,  the  initial  strains  are  all  equal  and 
negative.  The  axial  strain  corresponding  to  sero 
axial  stress  Is  145  patraln.  The  nominal  wave 
speed,  calculated  from  the  times  of  arrival  of  the 
input  and  fracture  waves  at  +/-7.6  cm,  was  3.544 
km/s.  This  is  IT  lower  then  the  computed  bar 
speed. 


At  about  t  ”  0.380  me,  the  axial  strains  at 
+/-7.6  cm  showed  the  effect  of  tensile  failure  at 
+2.2  cm.  Thereafter,  the  stress  waves  propagated 
and  reflected  in  separate  rod  segments.  The  fre¬ 
quency  of  the  reflections  in  the  left  half  of  the 
rod  indicates  that  the  fracture  at  -15.2  cm  must 
have  occurred  when  the  tensile  wave  arrived  there. 

The  strain  rate  at  the  front  of  the  fracture 
signals  waa  about  10/s,  so  the  strain  rate  at  the 
failure  location  waa  about  20/s.  The  peak  average 
strain  at  +7.6  cm  was  390  pstraln.  At  -7.6  cm  it 
was  315  pstrain.  These  strains  correspond  to 
axial  stresses  of  6.9  MPa  and  5.6  MPa,  respec¬ 
tively.  The  higher  of  these  stresses  is  about  90% 
greater  than  the  static  tensile  splitting  strength 
measured  on  sections  of  companion  rods.  It  is  also 
about  40%  higher  than  the  unconflned  tensile 
strength  at  the  same  strain  rate,  observed  in  Tests 
42  and  43. 


TIME  (ms) 

(a)  End  Pressure  at  -38.1  cm 


TIME  (ms) 

(b)  End  Pressure  at +38.1  cm 


TIME  (ms) 

(c)  Confining  Preaure  at  Midpoint 
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FIGURES  PRESSURE  MEASUREMENTS  IN  TEST  44 
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TIME  (cm) 

(b)  X  “  7.6  cm 
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FIGURE  9  AVERAGE  AXIAL  STRAINS  AT  ±  7.6  OT  IN  TEST 44 


The  experimental  techniques  developed  and 
demonstrated  In  this  research  effort  provide  a  new 
method  for  studying  the  dynamic  tensile  response  of 
concrete  and,  possibly,  many  geologic  materials. 
In  Its  present  configuration,  the  tensile  testing 
apparatus  will  produce  up  to  20  MPa  tensile  stress 
with  up  to  20  MPa  confining  stress  at  a  strain  rate 
of  about  20/s.  The  primary  failure  location  occurs 
within  a  few  cm  of  the  midpoint  of  the  rod,  and 
secondary  failures  can  be  inhibited  by  testing  at 
load  levels  only  slightly  higher  than  the  strength 
of  the  specimen.  The  boundary  conditions  are  well- 
defined  by  the  pressure  measurements.  The  effects 
of  fracture  on  the  stress  waves  in  the  specimen  are 
captured  In  the  surface  strain  measurements. 

Assuming  the  measured  strains  to  be  elastic,  a 
first-order  Interpretation  of  the  data  Indicates  a 
significant  enhancement  of  tensile  strength  at  a 
strain  rate  of  20/s.  The  data  also  Indicate  a 
dependence  of  tensile  strength  on  confining  pres¬ 
sure.  However,  a  wave  analysis  of  the  experiments 
(not  shown)  suggests  that  the  response  of  the  rod 
is  Inelastic  even  several  centimeters  from  the 
failure  location,  ""hue,  to  obtain  a  measure  of  the 
stress  and  fracture  volume  growth  at  the  failure 
location  requires  an  analysis  beyond  the  classical 
Hopklneon  bar  wave-tracking  approach. 
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ABSTRACT 

On  the  basis  of  the  principles  of  fracture 
mechanics  and  the  most  significant  properties 
of  concrete,  a  new  model  has  been  developed 
which  describes  the  failure  under  uniaxial 
tensile  loading.  Thanks  to  this  model  the 
strength  can  be  determined  as  a  function  of  the 
loading  rate.  The  results  are  in  very  good 
agreement  with  the  data  of  uniaxial  tensile 
tests  with  loading  rates  of  104  to  I012  Pa/s. 

I.  INTRODUCTION 

From  recent  investigations  it  appeared  that  in 
structures  under  impulse  loading  the  force 
distribution  differs  a  great  deal  from  that 
under  static  loading.  In  the  structure  there 
appear  to  run  high  peaks  of  shear  forces  and 
moments  (5) .  Since  the  numerical  values  of  the 
corresponding  stresses  are  high,  the  chance  of 
failure  under  these  loading  conditions  is 
expected  to  increase. 

From  experiments,  however,  the  resistance  of 
structures  against  explosion  and  impact  loading 
is  known  to  be  higher  than  is  to  be  expected  from 
theoretical  force  distribution. 

The  strength  of  concrete  is  apparently  greatly 
influenced  by  the  loading  rate.  This  influence  of 
loading  rate  on  the  uniaxial  tensile  strength  of 
concrete  has  beer,  proven  experimentally  by 
several  investigators.  An  increase  in  the  loading 
rate  from  104  to  109  Pa/s  causes  an  increase  in 
tensile  strength  of  about  752.  The  experiments  of 
D.L.  Birkimer  have  shown  that  the  strength 
increases  steeply  at  loading  rates  higher  than 
101  Pa/s.  To  enable  the  loading  rate  to  be  taken 
into  account  in  response  calculations  a  model  has 
been  developed  which  describes  the  influence  of 
the  loading  rate  on  the  strength. 

Concrete  is  a  composite  material  with  components 
of  different  stiffness.  Because  of  this  concrete 
is  always  more  or  less  cracked  and  the  mechanical 
behaviour  is  complex.  In  the  model  the  internal 
damage  is  characterized  by  uniformly  distributed 
cracks  and  the  expansion  of  these  cracks  under 
dynamic  loading  is  described  by  the  principles  of 
fracture  mechanics.  The  speed  of  crack  extension 
depends  on  the  rate  of  energy  supply  which  again 


depends  on  the  loading  rate.  The  way  in  which  this 
enables  the  calculation  of  the  uniaxial  tensile 
strength  of  concrete  as  a  function  of  the  loading 
rate  is  presented  in  this  paper. 

2.  TENSILE  FRACTURE  OF  CONCRETE 

Concrete  is  a  composite  material  consisting  of 
different  sized  aggregate  particles  embedded  in 
cement  paste.  Because  of  the  heterogeneity  there 
are  voids  and  cracks  at  all  dimensional  scale 
levels.  Many  of  the  microcracks  are  formed  during 
the  hardening  process  and  therefore  exist  even 
before  any  load  has  been  applied.  The  heterogenei¬ 
ty,  the  existing  microcracks  and  voids  and  the 
differences  in  stiffness  govern  the  mechanical 
behaviour  of  concrete. 

Under  tensile  loading  the  stress-strain  curve  is 
linear  up  to  a  stress  level  of  60Z  of  the  ultimate 
tensile  strength  (fc).  Above  this  level  tne  bond 
microcracks  start  to  grow  but  due  to  crack  arrest 
crack  propagation  remains  stable. 

Beyond  a  stress  level  of  about  0,75  f  the  micro¬ 
cracks  in  the  mortar  start  to  grow  anS  bridging  of 
the  bondcracks  occurs;  macrocracks  are  formed; 
crack  propagation  becomes  unstable  and  finally  oue 
major  crack  develops. 

To  explain  and  determine  the  strength  of  a  material 
like  concrete  fracture  mechanics  may  be  suitable 
as  it  considers  materials  that  are  not  homogeneous 
and  not  continuously  distributed.  This  gives  the 
opportunity  to  describe  the  mechanical  behaviour 
of  materials  with  internal  damage  or  of  hetero¬ 
geneous  composition. 

Fracture  mechanics  uses  two  criteria  for  crack 
propagation.  The  first  is  the  strength  criterion. 
The  stresses  in  front  of  a  crack  tip  must  exceed  a 
certain  stress  level  to  enable  the  crack  to  pro¬ 
pagate.  The  second  is  the  energy  criterion  which 
states  that  only  -then  the  strain  energy  release 
rate  equals  the  energy  required  to  separate  the 
new  crack  surfaces  is  crack  propagation  possible. 
Application  of  fracture  mechanics  for  a  precise 
description  of  the  behaviour  of  concrete  until  the 
ultimate  strength  is  reached  requires  that  the 
internal  stress  distribution  and  the  energy  demand 
for  crack  propagation  are  known  at  all  dimensional 
scale  levels.  The  above  review  of  the  behaviour 
and  the  composition  of  concrete  shows  that  the 
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stress  distribution  and  the  energy  demand  cannot  be 
described  in  detail. 

The  energy  demand  is  not  continuously  distributed 
due  to  the  heterogeneity  of  concrete,  which  reveals 
itself  in  crack  arrest,  and  because  the  tensile 
fracture  of  concrete  is  not  limited  to  one  single 
crack.  In  front  of  the  tip  of  a  macro  crack  there 
exists  a  highly  stressed  zone  with  micro  cracks. 

The  expansion  of  these  micro  cracks  determines  the 
energy  demand  for  the  propagation  of  the  macro 
crack.  Due  to  this  micro  cracking  and  crack  arrest 
the  energy  demand  for  expansion  of  the  macro  crack 
increases  with  increasing  crack  length.  Although 
the  fracture  phenomena  under  tension  are  known 
quite  well,  modelling  of  the  mechanical  behaviour 
of  concrete  is  only  possible  when  it  is  focussed 
on  the  most  significant  features  of  the  behaviour. 
These  have  been  mentioned  earlier.  First  of  all 
there  is  the  linear  elastic  behaviour  until  a 
stress  level  of  60%  of  the  tensile  strength  (f  ). 
Apparently  the  criteria  for  crack  propagation  are 
fulfilled  for  the  existing  micro  bond  cracks  with 
average  size.  The  propagation  of  these  cracks  is 
hard  to  predict  but  the  development  cf  the  final 
failure  crack  is  determined  by: 

1:  the  number  of  cracks  and  their  average  size: 
the  internal  damage; 

II:  the  quality  of  the  undamaged  material  around 
the  cracks; 

III:  the  rate  of  energy  supply. 

The  point  mentioned  as  I,  can  be  expressed  in  a 
geometrical  parameter:  the  ratio  of  damaged  and 
undamaged  material  (j|). 

The  quality  of  the  undamaged  material  (II)  is 
characterized  by  the  energy  demand  for  crack  pro- 
pagation  together  with  the  stress  level  which  must 
be  exceeded.  For  determining  the  ultimate  strength 
the  average  value  of  the  energy  demand  between  the 
onset  of  crack  propagation  and  failure  (Gjg)  may  be 
chosen  as  the  characteristic  parameter  of  material 
quality. 

The  loading  rate  (6)  determines  the  rate  of  energy 
supply  (III) 

With  the  parameters  (?)  ,  (G1C)  and  (d)  the  expan¬ 
sion  of  the  existing  crack*  can  be  modelled  if  the 
stress  desfribution  is  known.  For  describing  the 
influence  of  the  loading  rate  on  the  tensile 
strength  the  material  around  the  cracks  is  assumed 
to  be  brittle  and  linear  elastic  so  that  the  stress 
distribution  can  be  determined  with  the  Linear 
Elastic  Fracture  Mechanics  (L.E.F.M.). 

Although  concrete  is  not  linear  elastic  the 
L.E.F.M.  has  been  chosen  as  a  tool  because  of  its 
simplicity  and  its  possibility  to  take  the  parame¬ 
ters  (-),  (Gjg)  and  (d)  into  account.  Furthermore 
the  purpose  of  the  model  is  to  describe  the 
strength  of  concrete  which  is  specially  governed  by 
the  resistence  of  the  material  to  crack  propagation 
on  small-scale  levels  while  the  behaviour  of  con¬ 
crete  becomes  more  linear  when  the  dimensional- 


scale  level  gets  smaller. 

3.  LINEAR  ELASTIC  FRACTURE  MECHANICS  (LEFM) 

Before  the  model  is  described  a  summary  of  the 
basic  concepts  cf  the  L.E.F.M.  will  be  given.  As 
mentioned  in  2  fracture  mechanics  deals  with  the 
balance  of  energies  involved  with  the  propagation 
of  a  crack.  Griffith  formulated  this  balance 
for  crack  propagation  in  a  brittle  material  as 
follows.  Propagation  occurs  when  the  strain  energy 
release  rote  is  at  least  equal  to  the  rate  of  in¬ 
crease  in  the  free  surface  energy  due  to  the  for¬ 
mation  of  new  crack  surface  area. 

In  case  of  the  basic  problem  of  a  single  elliptical 
through  thickness  crock  of  length  2a  in  an  infinite 
ideal  Hookean  plate  subjected  to  a  plane  stress 
field  (o),  the  elastic  strain  energy  (U)  is  given 
by: 

o2IIa2 

u  -  -  (1) 

E 

Where  E  is  the  modu’ua  of  elasticity.  In  the  energy 
balance  the  strain  energy  release  rate  per  crack 

tip  is  used,  defined  by  and  usually  replaced 

by  G  which  is  also  called  the  crack  driving  force. 
When  G  equals  twice  the  specific  surface  energy  (y) 
of  the  crack,  surfaces,  crack  propagation  is 
possible.  So  G  must  exceed  a  critical  value  (G  ) 
for  crack  propagation  to  occur. 

o2  11a 

G  -  — - 2y  (2) 

IC  E 

In  this  expression  o c  is  the  stress  level  in  the 
critical  situation. 

Another  criterion  for  crack  propagation  is  the 
stress  criterion.  The  stress  field  around  the  crack 
tip  is  determined  by  the  stress  intensity  factor 
Kj.  This  faefor  is  a  measure  for  all  stresses  and 
strains  in  this  zone.  When  the  stresses,  and  so  Kj, 
exceed  a  critical  value  crack  propagation  can  occur. 
For  the  elliptical  through  thickness  crack  of 
length  2a  in  the  infinite  plate  subjected  to  a 
plane  stress  field  (o),  the  critical  value  of  Kj  is 
given  by: 

K-  ,  -  (3) 

IL  C 

with  c  the  stress  level  at  which  the  critical 
situation  is  reached. 

Crack  propagation  will  only  occur  when  both  the 
stress  and  energy  criteria  are  fulfilled.  For  a 
linear  clastic  material  these  criteria  are  ful¬ 
filled  simultaneously  because: 

■  EG  (plane  stress) 

(4) 

2  g 

K  “ - —  ,  G  (plane  strain) 

(1  -  v2) 
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For  geomatries  different  from  the  elliptical 
through  thickness  crack  the  stress  distribution 
around  the  crack  tip  changes  and  equations  (2)  and 
(3)  for  the  criteria  and  the  stress  field  oust  be 
adjusted.  In  the  model  the  geometry  of  a  penny¬ 
shaped  crack,  of  radius  (a),  in  an  infinitely  long 
cylinder  of  radius  (b)  is  used  (Figure  I).  In  this 
case  the  criteria  are  given  by  (j) 


KIC  ■  f  °c  ^  f(5> 


(5) 


CIC.^(,-^) 


(6) 


where  f(g)  is  a  function  which  takes  the  finite 
dimensions  of  the  cylinder  into  account  (8).  For 
a  penny-shaped  crack  in  an  infinite  medium  the 
radius  of  the  crack  is  the  only  relevant  dimension 
of  length.  In  case  of  the  cylinder  with  internal 
crack  the  most  relevant  or  characteristic  dimen¬ 
sion  of  length  is  the  crack  radius  adjusted  with 
the  function  f(g).  The  characteristic  length  is 
given  by : 


4.  DESCRIPTION  OF  THE  MODEL 


With  the  main  features  of  the  mechanical  behaviour 
of  concrete  as  described  in  section  2,  and  with 
the  L.E.F.M,  the  influence  of  the  loading  rate  on 
the  tensile  strength  is  modelled. 

The  concrete  is  schematized  as  a  homogeneous  ma¬ 
terial  with  penny-shaped  cracks  in  the  potential 
plane  of  failure.  The  cracks  in  the  unloaded  ma¬ 
terial  have  a  radius  (a)  and  the  intermediate 
distance  between  the  crack-centres  is  (2bX  The 
geometry  is  given  in  Figure  I.  The  ratio  (-)  is 
characteristic  for  tne  degree  of  internal  damage 
of  the  material. 


The  cracks  with  radius  (a) ,  representing  the 
present  cracks  in  the  .real  material,  start  to  ex¬ 
tend  at  a  stress  level  of  0,6  fc. 

The  energy  demand  (Gjc)  for  crack  extension  is 
assumed  to  be  constant  during  the  extension. 

Tne  complex  failure  process  of  concrete  can  now  be 
described  by  the  crack  extension  in  the  given  geo¬ 
metry  by  the  L.E.F.M.  The  ultimate  strength  is 
reached  when  the  radius  of  the  cracks  equals  b. 


luitf 


Figure  la 

Cylinder  of  undamaged 
material  with  one 
crack  in  the  centre. 


Figure  lb 

Section  through  the 
cracks ; 

the  potential  plane 
of  failure. 


The  criterion  for  crack  extension  is  given  by  the 
energy  or  stress  criterion.  The  extension  itself  is 
determined  by  the  difference  between  the  energy 
release  rate  (Gj)  and  the  energy  needed  to  form  the 
new  crack  surfaces  (Gjq).  This  difference  equals 
the  kinetic  energy  of  the  material  around  the  crack 
tip. 

When  the  radius  of  the  crack  increases  from  to 
aj  the  kinetic  energy  per  unit  length  of  the  crack 
tip  is  given  by: 

“kin  "  P  (GI  '  GIC>  da  (7) 

*1 

The  displacement  field  (u)  around  the  crack  tip, 
under  constant  loading.  Is  given  by: 

u  -  c  .  <l-v2)  (8) 

where  c  is  a  vector  which  only  depends  on  the  point 
coordinates . 

The  kinetic  energy  of  the  material  per  unit  length 
of  crack  tip  is  given  by: 


The  integration  area  A  is  proportional  to  the 
sauare  of  the  charateristic  length  of  the  problem 
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£  a  f2(r)].  By  using  eqs.  (8)  aud  (9)  in  tlie  case 
of  a  constant  stress  rate  (1)  the  kinetic  energy 
can  be  determined  by: 


E..  -  ^P(a4a)2(2)2(l-v2)2  X.{af2(*))2  (10) 

kin  i  o  e  b 


with  X  as  an  unknown  constant. 


The  propagation  velocity  of  the  crack  tip  (4) 
follows  from  eqs.  (7)  and  (10).  Substitation  of 
eqs.  (5)  and  (6)  in  (7)  and  (10)  yields  the  ex¬ 
pression: 


(ID 


with  .  C 


/  2E 
pX ( l-v2) 


•  *(5)~*(r)  ’  a  /  af2(S)da 


.  f(g)  -  l+^(g)2+0,2l(2)S|,74(S)6 


v2 

n  Kic 


4  o2(t)  f2^) 


Eq.  (11)  is  valid  until  the  velocity  (a)  equals 
the  Rayleigh  wave  velocity  which  is  an  upper 
boundary  for  the  propagation  velocity  of  tlie  crack 
tip. 


By  integrc  .ing  (a)  it  can  be  verified  whether  the 
crack  radius  equals  (b)  in  a  certain  time  as  a 
result  of  the  loading  o(t)  »  J*t.  The  unknown 


parameters  in  eq.  (II)  are  the  constant  X  or  C 


the  ratio  (g)  and  KIC 


In  the  expression  for  (a)  the  influence  of  the 
loading  rate  has  only  partly  been  taken  into 
account.  The  influence  of  the  stress  or  strain 
rate  on  the  tensile  strength  has  been  investigated 
in  several  research  programmes .  It  has  been  proven 
that  for  high  stress  rates  the  cracks  extend  not 
only  through  the  cement  matrix  and  along  the  bond 
surfaces  but  also  through  the  aggregate  particles. 
Since  the  specific  surface  energy  of  the  aggregate 
is  more  than  the  surface  energies  of  the  cement 
matrix  and  the  bond  surfaces  the  critical  value  of 
the  elastic  energy  release  rate  increases  with  in¬ 
creasing  loading  rate.  Due  to  the  increasing 
loading  rate  the  inertia  effects  become  more  and 
more  important.  The  stress  field  around  the  crack 
tip  will  change  and  fracture  will  not  be  limited 
to  one  main  fracture  plane  but  multiple  cracking 
will  occur.  As  a  first  approximation  all  these 
effects  have  been  compressed  in  a  parameter  (a) 
and  the  propagation  velocity  of  the  crack  tip  is 
given  by : 

(12) 


where  index  (d)  stands  for  "dynamic"  and  (a)  for 
"static".  Parameter  a  will  approach  one  because  the 
average  value  of  (i)  depends  on  the  energy  supply 
which  is  directly  coupled  to  the  loading  rate  (d). 
The  average  value  of  (a)  determines  the  time  needed 
for  the  growth  of  the  crack  radius  from  (a)  to  (b) , 
which  interval  is  independent  of  the  loading  rate. 
Aa  the  strength  increases  with  increasing  loading 
rate,  parameter  a  must  not  only  be  nearly-one  but 
also  smaller  than  one. 


To  determine  the  unknown  parameters  the  model  ia 
fitted  to  the  behaviour  under  static  loading  and  to 
the  composition  of  the  concrete. 

Constant  Kjp  is  determined  from  the  specific  sur¬ 
face  energy  of  the  crack  surfaces  (  6 )  with  the 
components  of  the  matrix,  bond  and  aggregate  frac¬ 
ture. 


Before  loading  ratio  (g),  damaged  vs  undamaged  mate 
rial  is  a  parameter  ofDthe  quality,  the  amount  of 


cracks,  voids  and  their  size.  For  a  great  deal 
these  are  determined  by  the  water-cement  rjjtio  and 
are  expressed  in  the  porosity  (n).  Ratio  (£)  is  there¬ 
fore  estimated  by  (n)1  .  The  value  of  (a) “for  the 

unloaded  concrete  is  equal  to  the  critical  radius 
(a  )  at  a  stress  level  of  0,6  fcs,  which  is  known 
frSio  static  tests,  (f  is  the  static  tensile 
strength)  CB 


Constant  C  follows  from: 

8 


0  ,6t 


/ 


idt  ■  b-a(0,6t*') 


(13) 


with 


t*  ■ 


All  parameters  can  be  determined  by  means  of  the 
material  properties  under  static  loading  except 
parameter  a,  which  almost  equals  one. 


5.  COMPARISON  OF  THE  THEORY  WITH 
EXPERIMENTAL  DATA 


The  tensile  strength  calculated  with  the  model  will 
now  be  compared  with  the  available  experimental 
data.  The  strength  follows  from: 


b-a(t  ) 
o 


(14) 


cd 


4*  t. 


with  a(t  )  the  radius  of  the  characteristic  cracks 
in  the  material  before  loading  and  t  the  time  when 
(a)  becomes  positive.  J 


Figure  2  gives  an  overview  of  experimental  data  of 
uniaxial  tensile  tests  at  different  loading  rates. 
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Figure  2  Relative  tensile  strength  )  aa  a 

function  of  ioadiii"  rate  (<5)  (8) 

-experimental  data. 


The  results  obtained  by  the  model  are  given  in  the 
Figures  3  and  4.  Figure  3  shows  the  influence  of  a 
change  in  the  value  of  a  and  the  good  agreement 
with  che  experimental  data  for  n-0,93  which  is  al¬ 
most  1  as  was  expected.  In  Figure  4  the  influence  is 
shown  of  a  change  in  material  qualtity  expressed 
in  the  parameter  K1C. 

As  the  model  is  fitted  on  the  static  behaviour  and 
the  material  properties  the  influence  of  a  change 
in  the  parameters  (KIC)  (Figure  4)  and  (-)  is 
small  as  long  as  the  crack  velocity  (a)  does  not 
equal  the  Rayleigh  wave  velocity. 
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Figure  4  Relative  tensile  strength  it> (»j— )  as  a 
funtion  of  loading  rate  (6) 


-variation  of  K, 


In  spite  of  the  simplifications  and  the  assumptions 
made  in  the  model  the  results  demonstrate  that  the 
most  relevant  phenomena  determining  the  influence 
of  the  loading  rate  on  the  failure  process  and 
ultimate  strength  have  been  taken  into  account.  So 
the  uniaxial  tensile  strength  of  concrete  can  be 
calculated  for  all  loading  rates  using  the 
approach  of  the  extending  characteristic  cracks. 


The  influence  of  the  loading  rate  on  stress  distri¬ 
bution,  multiple  cracking  and  crack  surface  sre 
taken  into  account  by  just  one  parameter,  o.  Some 
remarks  on  this  influence  are  in  place. 


Figure  3  Relative  tensile  strength  i)<  (mfcs>  88  8 
fuction  of  loading  rate  (d) 

-variation  of  a 


Figure  5  Dynamic  to  static  stress  intensity  factor 
time  for  strip  subjected  to  normal  dis¬ 
placement  (3) 
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In  (3)  Che  (trees  intensity  factor  Kj  is  given  for 
the  stress  field  around  an  elliptical  crack  of 
length  2a,  in  a  strip  with  finite  height  (h)  under 
sudden  loading  or  displacement  (Figure  5,  with  c 
the  longitudinal  wave  velocity). 

The  stress  distribution  around  the  crack  differs 
only  a  short  time  from  the  static  stress  field.  The 
time  delay  by  using  the  dynamic  stress  field  in 
stead  of  the  static  field  has  the  magnitude 
C(At)  »  10*5  sec  so  the  influence  on  the  maximum 
strength  (G(Afc)  »  d>!0*5  [Pa])  is  relatively  small. 
The  influence  of  the  increasing  energy  demand  for 
crack  propagation  under  increasing  loading  rates 
is  shown  in  Figure  6  for  an  extreme  case.  It  is 
assumed  that  under  static  loading  there  i.s  no  crack 
extension  through  the  aggregate  particles  and  at  a 
loading  rate  of  6  ™  101*  fPa/sl  there  is  no  bound 
cracking  left. 
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Figure  6  Relative  tensile  strength  as  a 

function  of  loading  rate  (d) 

-KI(,  as  a  function  of  6 

The  results  of  this  extreme  case  show  that  when  the 
influence  of  the  changing  energy  demand  (changing 
crack  surfaces  and  multiple  cracking)  is  taken  into 
account  more  correctly  the  value  of  a  almost  equals 
one.  Because  of  this  and  the  negligible  influence 
of  the  changing  stress  field  under  dynamic  loading 
on  the  maximum  strength  the  further  development  of 
the  model  will  concentrate  on  a  more  precise  des¬ 
cription  of  the  energy  demand  for  crack  propagation. 

6.  FINAL  REMARKS 


It  can  be  concluded  that  the  approach  to  determine 
the  maximum  tensile  strength  by  describing  the  ex- 
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tension  of  characteristic  cracks  give 
for  loading  rates  from  6  «  104  to  10 
extension  is  determined  by  the  energy  demand  for 
crack  propagation  (K  „)  and  the  rate  of  energy 
supply  ' *  ' 
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Further  the  parameters  used  iu  the  model  described 


in  this  paper  can  be  determined  from  the  behaviour 
and  properties  of  concrete  under  static  loading.  In 
practice  the  atresa  situation  of  uniaxial  tensile 
stress  is  sn  exceptional  case.  In  moat  cases  there 
is  a  multiexial  loading  condition  of  compression 
and  tension  (eg.  shearing,  spalling).  To  enable  the 
strength  criterion  to  be  taken  into  account  in 
response  calculations  the  influence  of  the  loading 
rate  on  the  strength  in  multiexial  conditions  must 
be  known.  Because  of  the  good  results  for  the  uni¬ 
axial  tensile  case  the  same  approach  will  be  taken 
to  uniaxial  compression  and  the  biaxial  case  of 
tension  -  compression. 
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ABSTRACT 

New  Inorganic  materials  (NIMS)  offer  the 
promise  of  widespread  useage  In  areas  currently 
dominated  by  synthetic  organic  polymers  and  metals 
at  substantially  lower  energy  consumption  for 
fabrication.  One  of  these  new  materials  Is  a 
hydraulic  cement  In  which  the  forming  process 
minimizes  the  size  of  the  pore  spaces.  This  paper 
describes  the  test  procedure  employed  and  presents 
some  results  obtained  from  a  work  effort  designed 
to  evaluate  the  stiffness  and  damping 
characteristics  of  one  of  these  new  Inorganic 
products  during  an  impact  type  loading.  In  this 
program,  a  force  was  applied  to  laboratory 
specimens  using  an  Instrumented  Impact  hammer,  and 
the  amplitude  of  the  resulting  vibrations 
measured. 


INTRODUCTION 

Ordinary  concrete  Is  a  common  composite 
consisting  of  sand  and  gravel  In  a  hydraulic 
cement  matrix.  Although  it  has  long  been  a 
dominant  material  in  the  construction  Industry,  a 
low  strength  to  weight  ratio  and  a  low  tensile 
strength  has  limited  the  range  of  problems  for 
which  concrete  could  be  considered.  In  recent 
years  there  have  been  many  attempts  to  Increase 
the  strength  of  concrete.  As  a  result  of  some  of 
these  efforts,  hydraulic  cement  concrete  can  now 
be  routinely  made  with  static  compressive 
strengths  of  5,000  psl  (34.5  MPa)  and,  with  the 
addition  of  plasticizers,  strengths  In  excess  of 
10,000  psl  (69.0  MPa)  are  commonly  obtained. 
Recently  a  cement  product  manufactured  by  Imperial 
Chemical  Industries  (ICI)  with  the  product  name 
NIMS,  for  New  Inorganic  Materials,  was 
introduced.  Initial  tests  on  NIMS  specimens 
conducted  at  Ohio  State  by  the  Department  cf  Civil 
Engineering  and  at  the  University  of  Florida  have 
Indicated  that  the  material  has  a  static 
compressive  strength  In  excess  of  43,000  psl  (297 
MPa)  and  a  static  tensile  strength  of 


approximately  9,000  psl  (62  MPa).  Some  of  the 
static  properties  obtained  with  these  NIMS 
specimens  are  summarized  In  Table  1. 

It  Is  apparent  that  a  material  with  the  above 
strengths  would  be  suitable  In  a  wide  range  of 
applications  previously  not  thought  possible  for  a 
hydraulic  cement  product.  Some  of  these 
applications  have  been  discussed  by  Blrchall  and 
Kelly  (1).  Because  Initial  tests  cited  above 
Indicate  that  the  NIMS  material  has  several 
desirable  static  properties,  laboratory  programs 
seeking  to  fully  characterize  the  behavior  of  this 
material  have  been  started  at  Ohio  State.  This 
paper  will  describe  the  first  results  obtained  In 
a  test  program  designed  to  characterize  the 
dynamic  properties  of  NIMS,  specifically  Its 
stiffness  and  material  damping. 


TEST  PROGRAM 

The  test  apparatus  used  Is  shown 
schematically  In  Figure  1  with  the  cantilever  test 
sample  Included  In  the  schematic.  Sample  size 
measured  178  mm  long  by  25  n  wide  by  3  im 
thick.  A  photograph  of  a  typical  specimen  is 
shown  In  Figure  2.  From  this  178mm  long  sample, 
three  cantilever  beam  lengths  (152nm,  127mm,  and 
102mm)  were  tested.  The  experimental  approach 
taken  to  obtain  damping  data  was  similar  to  that 
described  by  Suarez  et.  al .  (2)  In  which  they 
applied  an  Impact Ive  load  to  a  sample  fixed  at  one 
end.  The  specimen  to  be  Interrogated  In  the 
present  tests  was  impacted  by  a  hammer  equipped 
with  a  force  transducer  located  In  the  head  which 
measured  the  magnitude  and  duration  of  the  force 
pulse.  The  point  of  Impact  was  approximately  as 
shown  In  Figure  1.  The  resulting  sample 
vibrations  were  monitored  using  a  Bently  Nevada 
50mm  probe  and  proxlmltor  which  operates  by 
generating  a  magnetic  field  that  Induces  eddy 
currents  In  a  conducting  target.  The  strength  of 
the  eddy  currents  1$  related  to  the  distance 
separating  the  probe  from  the  target.  Because  no 
transducer  physically  touches  the  vibrating  beam, 
this  type  of  recording  device  Is  well  suited  to 
the  vibration  tests  conducted  In  this  program. 
However,  In  order  for  the  probe  to  be  able  to 
sense  motion  the  target  had  to  be  conductive. 
This  was  accomplished  by  attaching  a  small 
aluminum  foil  strip  to  the  free  end  of  the  beam. 


frequency  range  of  Interest 


Because  of  the  small  size  of  the  aluminum  target, 
the  linear  range  of  the  displacement  transducer  in 
the  experimental  configuration  used  was  only  about 
4.0  mm.  Thus  care  had  to  be  taken  to  keep  the 
specimen  at  the  proper  distance  from  the  probe. 
The  outputs  of  the  force  transducer  and  of  the 
displacement  probe  were  sampled  and  recorded  using 
a  Zonlc  6080  multichannel  Structural  Dynamics 
analyzer  (5).  Data  collection  was  triggered  off 
the  force  transducer.  The  data  were  displayed  on 
a  Zonlc  6081  Real  Time  Display  terminal  and  hard 
copies  of  screen  displays  produced  by  a  Zonlc 
printer/plotter. 

TEST  RESULTS 

The  usefulness  of  the  Impulse  technique  as  a 
method  for  exciting  structural  components  Is 
primarily  due  to  the  ease  with  which  tests  can  be 
performed  and  the  quickness  with  which  results  can 
be  obtained.  In  fact,  the  speed  and  simplicity  of 
the  test  gives  the  experimenter  the  opportunity  to 
overcome  one  of  the  test's  chief  weaknesses.  As  a 
result  of  an  Individual  Impact  a  relatively  small 
amount  of  energy  Is  Imparted  to  the  structure  over 
a  wide  frequency  range.  This  can  result  In  any 
individual  measurement  being  relatively  noisy.  By 
conducting  several  tests  and  averaging  the 
response  much  of  this  random  contaminating  noise 
can  be  eliminated.  A  measure  of  the  amount  of 
noise  remaining  In  the  response  can  be  made  by 
calculating  the  coherence  function  between  Input 
and  output  signals.  The  coherence  function  which 
Is  defined  as  the  ratio  of  the  cross-spectrum  to 
the  power  spectra  of  the  two  signals  Is  equal  to 
one  when  there  Is  no  noise  and  the  system  Is 
linear.  For  a  system  with  an  output  uncorrelated 
with  the  Input,  the  coherence  function  Is  zero.  A 
high  value  of  coherence  function  over  a  wide  range 
of  frequencies  such  as  the  one  shown  In  Figure  3 
for  a  typical  test  sequence  on  the  127mm  beams, 
indicates  a  relatively  small  amount  of  noise 
remaining  and  therefore  a  high  degree  of 
confidence  that  the  measured  system  displacements 
are  in  response  to  the  hammer  Impact. 

Because  the  specimen  Is  being  Impacted  with  a 
hand  held  device.  It  Is  not  possible  to  precisely 
control  the  force  applied.  However  by  specifying 
the  hammer  weight  and  tip  material  reproducible 
results  can  be  obtained.  Due  to  the  relatively 
small  physical  size  of  the  samples,  a  small  force 
was  desired.  In  order  to  restrict  the  magnitude 
of  the  Impulse,  the  hammer  weight  was  kept  to  a 
minimum.  By  estimating  the  stiffness  of  the 
material  an  expected  value  of  the  system's 
fundamental  frequency  of  vibration  can  be 
calculated  (4).  For  the  NIMS  material,  an 
estimate  of  the  stiffness  determined  from  the 
static  tests  gave  a  range  of  50  to  70  Hz  as  the 
likely  region  for  the  fundamental  frequency  of  the 
152mm  cantilever  beam  specimens  and  100-130  Hz  for 
the  127mm  specimens,  and  160-180Hz  for  the  102mm 
specimens  being  tested  in  this  program.  A  plastic 
hammer  tip  was  chosen  to  provide  the  best  waveform 
over  this  frequency  range.  In  a  plot  of  the 
energy  density  for  the  plastic  tipped  hammer  as 
measured  by  the  force  transducer  located  In  the 
hammer  tip  (Figure  4),  It  can  be  seen  that  the 
energy  content  is  fairly  constant  over  the 


Figure  5  shows  plots  of  the  applied  load  and 
tip  displacement  for  a  typical  time  history 
recorded  when  one  of  the  127mm  long  specimens  was 
Impacted.  The  average  peak  applied  load  was  2.84 
kg  (6.25  lbs),  and  a  typical  maximum  tip 
displacement  was  0.2  mm  (0.008  Inches). 

The  natural  frequency  of  the  concrete 
cantilever  beam  specimens  was  determined  using 
plots  of  the  real  and  Imaginary  portions  of  the 
frequency  response  (transfer)  function.  The  FRF 
Is  defined  as  the  ratio  of  the  Fourier  Transform 
of  the  output  signal  (displacement)  over  the 
Fourier  Transform  of  the  Input  signal  (force).  In 
actual  calculation  a  less  noisy  signal  will  be 
obtained  If  the  FRF  Is  determined  as  the  ratio  of 
the  cross  spectrum  between  the  input  and  output 
time  histories  over  the  power  spectrum  of  the 
Input  (3).  This  Is  the  method  used  to  generate 
the  graphs  shown  In  Figure  6.  In  this  figure  are 
shown  typical  plots  of  the  magnitude  and  phase  of 
the  frequency  response  function,  determined  by 
taking  the  ensemble  average  of  ton  Individual 
Impact  events,  as  a  function  of  frequency.  The 
magnitude  plots  are  given  In  terms  of  system 
stiffness.  A  point  of  minimum  dynamic  stiffness 
(maximum  displacement  per  applied  force)  was 
observed  at  172  Hz  for  the  102mm  long  beams  (Fig. 
6a)  and  117  Hz  for  the  127mm  beams  (Fig.  6b). 
Additional  tests  gave  maximum  displacements  at  62 
Hz  for  the  152mm  beams.  Having  measured  the 
frequency  of  the  damped  free  vibrations,  the 
dynamic  stiffness  of  the  NIMS  specimens  was 
calculated.  The  stiffness  was  found  to  be  between 
31.7  and  35.9  kN/cm2  (4.6  to  5.2  Mpsl). 

Material  damping  was  determined  using  the 
logarithmic  decrement  method.  In  this  approach, 
the  relative  magnitudes  of  successive  peaks  In  the 
response  time  history  are  compared.  Specifically 
the  logarithmic  decrement,  C  •  Is  equal  to  the 
natural  log  of  the  ratio  of  the  amplitude  of  a 
response  peak,  xt,  to  the  amplitude  of  the  next 
response  peak,  x*+,.  The  damping,  $  ,  given  In 
terms  of  a  percentage  of  critical  damping  Is 
related  to  c  by: 


A  plot  of  beam  tip  displacement  as  a  function  of 
time  as  shown  In  Figure  5  was  used  to  determine 
the  logarithmic  decrement  from  which  damping  was 
calculated.  A  good  determination  of  the  material 
damping  can  be  made  by  this  method  when 
Interrogating  lightly  damped  systems.  For  the 
specimen  tested  the  material  damping  was  found  to 
be  approximately  2%  of  critical.  A  comparison  of 
the  properties  of  NIMS  with  other  materials  Is 
given  In  Table  2. 
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SUMMARY 

Vibration  tests  were  performed  In  the 
laboratory  on  specimens  of  a  new  high  strength 
hydraulic  cement  concrete.  The  results  of  the 
tests  reported  herein  show  that  a  flexural 
stiffness  of  approximately  32  to  36  kN/cm2  with  an 
Internal  damping  on  the  order  of  2%  can  be 
expected  with  this  material.  These  values  are 
similar  to  the  values  obtained  for  conventional 
concretes.  While  these  results  are  only 
preliminary  they  are  encouraging,  since  It  appears 
that  the  high  strength  values  which  have  been 
measured  In  static  tests  need  not  be  accompanied 
by  significant  reductions  in  material  damping. 


Material 

Damping 

Steel  (cold  rolled) 

0.0006 

Conventional  Hydraulic  Cement 

0.02 

Wood 

0.003 

Rubber 

0.04 

Table  2.  Representative  Damping  Values  for 
Selected  Materials  (4) 
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Table  1.  Static  Properties  of  NIMS 
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ABSTRACT 

A  finite-element  simulation  of  a  Split 
Hopkinson1 s  bar  (Kolaky  apparatus)  technique 
involving  mortar  specimens  is  accomplished  with 
DYNA20,  an  explicit  two-dimensional  finite- 
element  code.  Calculations  ure  compared  with 
experimental  results  contained  in  i  University  of 
Florida  report  Dynamic  Response  of  Concrete  and 
Concrete  Structures,  and,  with  analytic  solutions 
of  the  appropriate  wave  propagation  problem. 


INTRODUCTION 

In  1982,  personnel  of  the  Department  of 
Engineering  Sciences,  University  of  Florida, 
performed  a  series  of  split  Hopkinson  pressure  bar 
(SHPB)  tests  on  mortar  specimens  as  part  of  an 
investigation  into  the  dynamic  response  of 
concrete  and  concrete  structures  to  impulsive 
loads.  Results  of  these  tests  are  presented  in 
the  first  annual  technical  report  of  the  three 
year  program. *  The  aim  of  ouch  an  investigation 
was  to  develop  representations  ct  dynamic 
structural  response  of  concrete  that  can  be 
incorporated  into  structural  analysis  codes. 

More  recently,  these  tests  have  been  modeled 
at  Lawrence  Livermore  National  Laboratory  as  the 
simplest  of  a  series  of  benchmark  calculations. 

The  aim  of  these  calculations  is  to  demonstrate 
the  growing  accuracy  with  which  the  dynamic 
respoi.se  of  concrete  can  be  predicted  by  DYNA2D  tn 
improved  inputs  to  existing  material  models  are 
developed.  This  report  summarizes  the  results  of 
the  Hopkinson  bar  modeling. 

THE  EXPERIMENT  MODELED 

The  SHPB  test  is  uted  to  obtain  compression 
properties  of  mortar  in  the  following  manner.  A 
sample  of  the  material  to  be  studied  is  placed 
between  and  in  contort  with  two  elastic  rods  of 
the  same  diameter  (Fig.  1).  A  compression  stresc 
wove  is  initiated  in  the  incident  bar  upon  impact 


with  a  striker  bar.  This  compression  wave 

propagates  along  the  rod  causing  multiple 

reflections  in  the  sample,  resulting  in  distorted 

waves  reflected  from  the  sample  traveling  back 

along  the  first  rod  and  transmitted  through  the 

sample  and  into  the  second  rod.  Average  stress 

can  be  found  from  the  strain  histories  recorded  in 

the  two  elastic  rods  if  the  following  assumptions 

are  maintained  by  the  conditions  of  the 

experiment:  (a)  the  specimen  is  in  a  state  of 

one -dimensional  stress,  and  (b)  the  stress  and 

strain  c re  uniform  throughout  the  specimen. 

Average  stress  along  the  specimen  length 

( i«  computed  from  the  following 
s  avg  , 

equations1: 

(Vavg  "  1/2  (°8i  +  <Vr> 

08l  -  E  (A/A,)(ej  +  Eg) 
aaT  »  E  (A/Ag)  &r 
CR  “  Ex  "  CI 

where  ex  and  ex  ate  the  strain  pulses 
recorded  at  the  transmitter  and  incident  bars, 
respectively,  after  these  pulses  have  been 
translated  ir  time  to  obtain  the  strain  pulses 
which  occur  at  the  specimen  edges.  These  waves 
are  assumed  in  propagate  without  dispersion  or 
attenuation  in  the  elastic  bars.  The  quantities  A 
and  A,  represent  the  crcss-sectional  areas  of 
the  elastic  bars  and  the  specimen,  respectively. 

In  the  University  of  Florida  experiments ,  *• 
cylindrical  mortar  specimens  of  diameter  19  m  and 
nominal  length  10.16  ran  were  tested  in  a  SHPB 
system  using  incident  and  transmitter  bars  of 
length  1.83  m,  and  a  striker  bar  of  Length  0.584  m 
(Table  1).  All  three  elastic  bars  had  diameter 
19  mm  and  were  ETD-159  ground  and  polished, 
cold-finished  steel  bars,  comparable  in  analysis 


Striker  hmr  I  ncicion t  bar  SpMtmsn  Trmnamlttw  bar 


Figure  1.  Hopkinson  far  apparatus. 
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Table  1.  University  of  Florida  SHPB  teats 


Striker 

bar 

Inc ident 
bar 

Specimen 

Transmitter 

bar 

Initial  velocity  (m/s) 

12. n 

0.0 

0.0 

0.0 

Length  of  bar  (as) ,  L 

0.584 

1.829 

0.010 

1.829 

Diameter  (m),  D 

0.019 

0.019 

0.019 

0.019 

Ratio  L/D 

30.7 

96.3 

0.5 

16.8 

Density  (kg/m^) 

7 . 83E+03 

7.838+03 

2.40E+03 

7.83E+03 

Young's  modulus  (Pa) 

1.99E+11 

1.99E+U 

— 

1.99E+11 

Shear  modulus  (Pa) 

— 

— 

1.36E+10 

— 

Rod  wave  velocity  (m/s),  C 

5053 

5C53 

— 

5053 

L/C  ( s ) 

1. 16F.-04 

3.62E-04 

— 

3.62E-04 

Mesh  specifications 

No.  Elts  in  axial  dir.,  Nz 

125 

390 

8 

390 

No.  Elts  in  radial  dir..  Nr 

16 

16 

16 

16 

No.  of  elements,  (Ns  x  Nr) 

1000 

3120 

64 

3120 

AL/AD  of  elements 

3.93 

3.95 

1.05 

0.69 

AL/C  of  elements  (s) 

9.2E-07 

9.3E-07 

— 

9.3E-07 

to  4140  steel.  The  mortar  mix  (by  weight)  was 
0.55/2.5/1.0  water/sand/Portland  Type  I  cement, 
with  sand  particles  of  maximum  diameter  lets  than 
1/8  the  specimen  diameter.  Strain  gages  were 
mounted  on  the  lateral  surface  of  the  transmitter 
and  incident  bars,  midway  along  their  axes. 

For  the  striker  bar  length  above,  Malvern  and 
Ross,1  report  an  interval  of  230  pa  for  the 
elastic  compression  wa’-e  in  the  striker  bar  to 
return  as  an  unloading  tensile  wave.  A  stress 
pulse  of  approximate  amplitude  240  MPa  [Ref,  3} 
was  measured  in  the  incident  bar  prior  to 
reflection  and  tranamisaion  at  the  specimen.  This 
pulse,  as  well  as  the  subsequent  pulses  reflected 
in  the  incident  bar  and  transmitted  through  the 
specimen  into  the  transmitter  bar  (Fig.  2),  are 
the  object  of  the  simulation. 

ELEMENTARY  THEORY  OF  LONGITUDINAL  WAVES 
IN  THIN  RODS 


Prior  to  interaction  at  the  specimen 
boundary,  wave  motion  in  the  elastic  bars  is 
approximated  by  the  wave  equation 


stz  u  at' 


(2) 


where  Cq  “  E/p  is  th»  red  wave  velocity,  u  * 
u(s,tl  is  the  longitudinal  displacement,  E  is 
Young's  modulus,  and  p  is  the  density  of  the 
rod.  Several  assumptions**  have  been  made  here, 
the  validity  of  which  will  be  discussed  along  with 
the  results  of  the  finite-element  calculations. 
They  are : 


(i>  The  steel  bars  are  elastic,  of  constant 
cross  section,  and  homogeneous . 

(ii)  Plane,  pariliel  cross  sections  remain 
plane  and  parallel. 


Manured  by  Malvern  and  Ross1 


Figure  2.  Strain  histories— incident  and 
transmitter  bar  gages  as  measured  by  Malvern  and 
Ross  (Ref.  1). 


(iii)  A  uniform  discribution  of  stress 
exists . 

(iv)  Uniaxial  stress,  but  not  uniaxial 
strain,  is  assumed.  In  other  words,  there  exist 
lateral  contractions  and  expansions  arising  from 
the  axial  stress,  due  to  Poisson's  effect,  but  the 
associated  lateral  inertia  effects  are  neglected. 

Based  on  D'Alembert's  solution  of  Eq.  (2), 
assuming  a  semi-infinite  bar,  the  stress  pulse 
which  propagates  in  the  incident  bar  after  impact 
is  rectangular  with  magnitude  a  “  Vj^piC^/2 
and  duration  T  “  2Li/Ci,  where  1  denotes 
properties  of  the  striker  bar.  For  the  system 
under  consideration,  Lj  “  0.584  m,  “  -12  m/s, 
and  Cj  *  5053  m/s  so  that  this  simple  theory 
predicts  a  rectangular  pulse  of  magnitude  237.4 
MPa,  duration  231.2  jjs  ,  and  length  1.168  m.  The 
ratio  of  bar  radius  to  wavelength,  R/A  is  0.011. 

In  actual  Hopkinson  bar  experiments,  the 
measured  pulse  is  usually  found  to  have  rounded 
corners,  finite  rise  and  fall  times,  and  an 
oscillatory  nature.  The  strain  history  of  Fig.  2 
affords  an  example.  Graff^  suggests  that  the 
imperfect  contact  surfaces  of  the  impact  bars  and 
a  finite  response  time  of  the  measuring  system 
cause  these  first  two  deviations.  The 
oscillations  of  the  curve  about  the  straight  line, 
which  would  be  obtained  for  a  distortionless  bar, 
are  shown  by  Davies^  to  be  a  consequence  of  the 
lateral  inertia  term  3^u/3z23t2  neglected  in  the 
wave  equation. 

THE  SIMULATION 

DYNA2D  is  a  vectorized,  explicit,  two- 
dimensional,  axisyinmetric  and  plane  strain 
finite-element  code  for  analyzing  the  large 
deformation  dynamic  and  hydrodynamic  response  of 
inelastic  solids.  Spatial  discretization  is 
achieved  by  4-node  solid  elements,  and  the 
equations  of  motion  are  integrated  by  the  central 
difference  method.^  Again,  the  objective  of  the 
Hopkinson  bar  simulation  is  to  determine  the 
degree  to  which  DYNA2D  is  capable  of  reproducing 
the  results  of  an  experiment  involving  concrete 
under  significant  dynamic  stresses. 

When  the  problem  geometry  is  defined,  the 
striker  bar  is  modeled  in  addition  to  the  elastic 
bars  and  the  specimen,  eliminating  the  need 
to  specify  an  initial  velocity  or  initial 
displacement  curve  at  the  incident  bar  boundary 
and  thus  ensuring  a  correct  input  pulse  at  the 
specimen  edge.  Axial  symmetry  is  assumed  so  that 
the  problem  is  two  dimensional  and  only  one  half 
of  the  longitudinal  cross  section  of  the  bars  need 
be  considered.  MAZE,  an  input  generator  for 
DYNA2D,  was  used  to  discretize  this  cross  section 
into  a  rectangular  mesh  with  elemental  length- 
to-diameter  ratios  of  1.96  in  the  striker, 
incident,  and  transmitter  bars,  and  1.06  in  the 
specimen  (Fig.  3).  The  resulting  number  of 
elements  was  7304. 

All  nodes  of  the  striker  bar  are  given  an 
initial  velocity  of  12  m/s  towards  the  incident 


bar  (in  the  negative  z  direction)  and  an  initial 
position  corresponding  to  a  0.0001  m  spacing 
between  the  striker  and  incident  bars,  as  seen  in 
Fig.  1.  In  addition,  all  nodes  along  the  axis  of 
the  elastic  bars  and  of  the  specimen  are 
constrained  in  the  radial  direction. 

Slidelines  are  specified  at  all  three 
interfaces,  with  an  appropriate  steel-concrete 
friction  coefficient  allowing  for  appropriate 
relative  radial  displacements  of  the  bars  and 
specimen.  Intrusion  of  one  bar  into  another  is 
disallowed. 

Extensive  use  of  DYNA2D  at  Lawrence  Livermore 
National  Laboratory  has  verified  DYNA2D's  ability 
to  correctly  model  events  of  metal  plasticity 
involving  inertial  effects.  The  work  with 
concrete  under  discussion  is  a  comparatively 
recent  event.  It  was  found  that  this  work 
required  modification  of  an  existing  material 
model  available  within  the  code  before  correct 
calculation  of  the  dynamic  response  of  concrete 
could  be  obtained.  The  behavior  of  homogeneous 
concrete  was  originally  modeled  using  an 
elastic-plastic  isotropic  hardening  model  with  an 
associated  tabulated  compaction  equation  of 
state.  The  yield  stress  was  modeled  as  a  function 
of  hydrostatic  pressure  using  tabular  values. 

This  material  model  permitted  plastic  flow  with 
strain  and  pressure  hardening  and  also  included  a 
rudimentary  description  of  material  failure 
(spall)  due  to  tensile  stress.  The  behavior  of 
concrete  was  not  adequately  represented  by  this 
model  because  fracture  which  occurs  in  the  absence 
of  tensile  stress  (i.e.,  deviatcric  stresses)  was 
not  permitted.  Similarly,  the  strain  rate 
sensitivity  of  the  yield  stress  was  not 
represented.  Fig.  4(a)  illustrates  the  strain 
pulse  calculated  by  DYNA2D  with  this  original 
model.  Here,  the  reflected  and  transmitted  pulses 
(marked  "2”  and  "3"  in  the  figure)  clearly  do  not 
accurately  represent  those  of  Fig.  4(c).  This 
model  was  accordingly  modified  to  reflect  failure 
as  a  result  of  deviatoric  stresses  as  well  as  rate 
sensitivity.  The  resulting  equations  are 
described  below. 

Dynamic  yield  stresses  are  calculated  as 
follows : 

02  “  loo  +  fh<P>  +  EpEgff) 

x  (1  +  A(DjjDi j)”]  exp[-B(e*)2]  , 

Incident  bar  Specimen _ Transmitter  bar 


iiimiii 


Figure  3.  View  of  finite-element  mesh  near  specimen. 
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(A)  Calculated  by  (B)  Calculated  b  (C)  Macsursd  by 
0YNA2D  -  original  0YNA2D  -  modified  Malvern  and 
material  modal  material  modal  Rom1 


where 

CTq  =  initial  yield  stress 
fu  »  hardening  function 


specified  by  an  elastic-plastic  model  with  mixed 
kinematic  and  isotropic  hardening.  Striker  bar 
velocities  are  below  the  damage  threshold, 
requiring  that  only  the  elasticity  portion  of  this 
material  model  be  exercised.  As  will  be  readily 
seen  from  the  results,  DYNA2D  accurately 
reproduced  the  experimental  response. 

RESULTS  OF  THE  SIMULATION 

The  initial  strain  pulse  calculated  by  DYHA2D 
at  the  location  of  the  incident  bar  strain  gage 
is  labeled  "1"  in  Rigs.  4(a)  and  4(b).  The 
experimental  result  of  Fig.  4(c),  which 
corresponds  to  the  calculated  incident  pulse,  has 
amplitude  1.18  x  10_®  and  pulse  length  of  230 
ps.  Pulse  length  is  measured  from  the  initial 
incident  pulse's  downward  movement  to  ''.he  end  of 
the  approximately  flat  maximum  amplitude  portion. 
These  calculated  and  experimental  pulses  have 
amplitudes  and  pulse  lengths  which  vary  by  at  most 
2Z  for  this  gage  location,  and  remarkably  similar 
pulse  shapes.  This  pulse  is  identical  in  Figs. 
4(a)  end  4(b)  because  only  the  material  model  for 
steel  is  involved. 


p  *  pressure 
E  “  Young's  modulus 
E-p  =  tangent  modulus 

Ep  ”  plastic  modulus  [  «  E^E/tE  -  E-r)j 


ep:j  =  plastic  strain  rate 

A,  m,  B  “  constants  (input  to  model) 


'l.l 


=  rate  of  deformation  tensor 


(  e*) 


f  D .  .  D .  .  d  T 

Jo  l)  lJ 


The  hardening  function,  f[,(p),  may  be 
specified  in  a  tabular  form  with  CPeff  °r 
pressure  as  the  independent  variable.  The  rate 
sensitivity  function  (1  +  A(DjjDij)ml  is  a 
slight  modification  of  a  standard  form  for  rate 
sensitive  materials.7  The  rate  of  deformation 
tensor  is  used  in  place  of  the  strain  rate  e  for 
programming  conveniences  as  well  aa  for  tracking 
volumetric  strain  By  selecting  the  appropriate 
constant  in  the  exponential  softening  function 
exp[ -B( c* )7 ] ,  ore  may  model  psuedo  fracture. 

The  exponential  form  was  selected  to  permit  a 
reduction  of  strength  over  several  calculational 
time  seeps.  This  approach  reflects  some  of  the 
ieatures  of  "damage  accumulation"  models®  as 
well  as  ensuring  smooth  changes  of  material 
strengtii.  While  chis  approach  lacks  the  elegance 
of  the  more  sophisticated  models,  it  does  permit 
an  easily  implemented  simulation  of  fracture  in 
concrete. 


The  material  comprising  both  the  scriker  bar 
and  elastic  bars  on  either  side  of  the  specimen  is 


For  similar  ru.,s  with  different  element 
dimensions,  the  incident  strain  pulse  was  feund  to 
have  slightly  steeper  sides  and  leas  rounded 
corners  as  the  element  size  decreased.  This  is  as 
expected  because  the  homogeneity  assumption  in  (i) 
is  more  nearly  obeyed,  and  the  finite  response 
time  of  the  measuring  system  minimized,  in  the 
limit  of  infinitesimal  element  areas.  Pictures  of 
the  mesh  in  the  elastic  bars  for  various  times 
also  indicate  that  the  cross  sections  of  the  bars 
remain  plane  and  parallel  as  in  assumption  (ii). 
Plots  of  strain  histories  calculated  along  the 
incident  bar  at  different  radial  and  axial 
positions  show  that  the  assumption  (iii)  is 
similarly  obeyed.  As  mentioned  above,  the 
deviation  of  the  pulse  from  a  rectangular  shape, 
particularly  its  oscillatory  nature,  illustrates 
the  inappropriateness  of  assumption  (iv).  The 
frequency  of  the  first  few  oscillations  following 
the  initial  rise  or  the  incident  pulse  vary  by  no 
more  than  1C  percent  between  Figs.  4(b)  and  4(c). 
Also  observed  are  the  curved  initial  portion  of 
the  purse  near  the  time  axis  which  begins  to  rise 
slightly  before  the  181-gs  time  predicted  by 
elementary  theory.  This  phenomena  was  also 
predicted  by  Davies's  analysis. 

The  reflected  and  transmitted  pulses 
are  those  labeled  ’2"  and  "3"  in  Fig.  4, 
respectively.  Strain  pulses  computed  using  the 
modified  concrete  material  model  show  s  vast 
improvement  over  those  calculated  with  the 
original  model.  The  maximum  amplitudes  of  each 
pulae  in  Fig.  4(b)  varies  from  its  experimental 
counterpart  in  Fig.  4(c)  by  no  more  than  3  percent. 


CONCLUSIONS 

It  has  been  shown  that  with  fairly  simple 
modifications,  existing  constitutive  models  in 
DYNA2D  can  effectively  simulate  one-dimensional 
wsve  propagation  behavior  in  homogeneous 
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concrete.  Good  correlation  for  the  incident 
compressive  strain  pulse  with  experimental  results 
is  observed.  Calculations  of  increased  accuracy 
have  been  obtained  for  the  reflected  and 
transmitted  wave  pulses  as  a  result  of  improved 
concrete  modeling  capabilities,  e.g. ,  strain-rate 
and  psuedo  fracture  effects,  in  DYNA2D. 
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ABSTRACT 


This  paper  discusses  the  shock  waves  pro¬ 
duced  in  soil  by  a  buried  nan-spherical  charge 
and  provides  techniques  for  estimating  the  time 
of  arrival  (TOA)  for  each  type  of  wave. 
Although  these  techniques  my  have  a  variety  of 
applications,  they  were  developed  primarily  to 
assist  the  analyst  in  determining  the  sources  of 
ground  motions  or  soil  stresses  observed  in  data 
obtained  from  explooive  field  tests. 

BACKGROUND 


In  general ,  the  detonation  of  a  non- 
spherical  charge  buried  in  soil  of  uniform  geol¬ 
ogy  generates  two  major  types  of  voves:  those 
produced  directly  by  the  detonation  of  the 
charge  (source-generated  waves),  and  those 
caused  iy  the  reflection  of  the  source -generated 
waves  at  the  soil's  free  surface  (reflected 
waves). 


As  expected  in  any  buried  exploeion,  the 
detonation  of  a  ncn-spherical  charge  produces  a 
source-generated  acspressive  longitudinal  wave 
(P  wave).  Ir.  addition,  the  ncn-spherical 
geometry  of  such  a  charge  gives  rise  to  a 
source-generated  shear  wave  (S  nave). 


A  total  of  four  reflected  waves  are  produced 
by  these  aouroe-generated  waves  at  the  free  sur- 
faoe.  The  reflection  of  the  source-generated 
compressive  P  wave  results  in  a  reflected  ten¬ 
sile  P  wave  (P-P  wave)  and  a  reflected  S  wave 
(P-S  wave).  In  addition,  the  source-generated  S 
wave  also  produces  a  reflected  P  wave  (S-P  wave) 
and  S  wave  (S— S  wave)  at  the  free  surface.  Since 
P  waves  and  S  waves  travel  at  different  veloci¬ 
ties,  the  It*  for  each  type  of  wave  at  a  point 
of  interest,  such  as  a  gage  location,  can  be 
estimated  if  the  P  wavespeed,  S  wave speed, 
charge  location  and  the  coordinates  of  the  point 
of  interest  are  Known.  This  paper  presents  one 
method  for  estimating  arrival  times  using  this 
information. 

APPROACH 


As  seen  in  Figure  1,  the  six  waves  con¬ 
sidered  in  this  paper  can  take  a  variety  of 
paths  to  get  to  the  point,  of  interest.  An 
arrival  time  for  a  wave  can  be  calculated  fairly 
easily  if  the  length  of  each  portion  of  the 

wave's  path  can  be  determined  and  if  the  velo¬ 
city  of  the  wave  along  each  portion  is  known. 
The  required  calculations  can  be  quite  simple  if 
the  following  assumptions  are  made. 

1.  The  soil  geology  consists  of  one  uniform 
layer  of  infinite  depth.  If  this  assimpticn  is 
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(b)  Waves  produced  by  the  reflection  of  the  P  wove  at  the  free  surface. 
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(c)  Waves  produced  by  the  reflection  of  the  S  wove  at  the  free  surface. 
Figure  1.  Waves  produced  by  a  buried  non -spherical  charge. 
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made,  wave  reflection  end  refraction  caused  by 
suit! -layered  geologies  can  be  ignored, 

2.  All  waves  emanate  from  one  point  in  the 
charge.  Hough  estimates  can  be  made  using  the 
charge's  center  of  gravity  (OG).  However,  more 
accurate  results  can  be  obtained  if  the  point  cn 
the  charge  closest  to  the  point  of  interest  in 
the  soil  is  chosen.  If  the  OG  is  used,  prelim¬ 
inary  calculations  indicate  estimated  arrival 
times  will  be  within  51  of  the  correct  answer 
for  points  of  interest  at  least  10  charge 
lengths  from  the  charge. 


Aa  seen  in  Figure  3,  the  P  wave  and  the  S 
wave  take  the  moat  direct  route  from  the  charge 
to  the  point  of  interest.  The  length  of  this 
path  (Rq)  la  given  by: 

*°  “  \l<*i  -  x2)2  +  (y*  -  y2)2  +  -  r2)2  (l) 

A  variable  of  interest  in  other  wave  paths 

is  Rxy'  *hich  is  the  projection  of  the  Rq  vector 
in  the  x-y  plane.  Its  magnitude  is  given  by: 


3.  Arrival  times  are  governed  by  seinic 
wavespeeds  for  P  waves  and  S  waves  (C^  and  Cfi, 
respectively).  Since  Assumption  1  limits  this 
discussion  to  a  uniform  layer,  refraction  caused 
by  changes  of  Cp  and  Cg  with  depth  are  not  con¬ 
sidered  in  this  paper.  Therefore,  the  source- 
generated  waves  travel  in  straight  lines  between 
the  charge  and  the  point  of  interest.  In  addi¬ 
tion,  reflected  waves  travel  in  straight  lines 
between  the  charge  to  the  surface  and  from  the 
surface  to  the  point  of  interest. 


Using  these  assumptions,  the  arrival  times 
of  the  waves  shown  in  Figure  1  can  he  estimated 
if  the  variables  listed  below  are  specified. 

Cpj  seismic  P  wavespeed 
Cg:  seismic  S  wavespeed 
x1#  yj  and  rjs  coordinates  of  the  appropri¬ 
ate  point  in  the  charge 

*2>  y2  and  coordinates  of  the  point  of 
interest  in  the  soil 

WAVE  PA3KS 


The  coordinate  system  used  to  locate  the 
charge  and  the  point  of  interest  is  shown  in 
Figure  2.  Figures  3  through  6  illustrate  the 
wave  paths  for  the  waves  depicted  in  Figure  1. 


V  *  \|(xi  -  *2 5 2  +  <yi  -  y2)2 


The  wave  path  for  the  P-P  wave  and  the  S-S 
wave  is  given  in  Figure  4,  An  important  charac¬ 
teristic  of  a  P-P  wave  or  S-S  wave  is  that  the 
reflected  wave  travels  at  the  same  velocity  as 
its  associated  Incident  wave.  Theriore,  the 
angle  of  reflection  <e2)  is  equal  to  the  angle 
of  incidence  (Gj),  as  is  evident  in  Figure  4. 
Using  other  relationships  given  in  this  figure, 
the  length  of  the  incident  portion  (Rj)  and 
reflected  portion  (R^  of  the  F-P  or  S-S  wave 
path  can  be  determined  using 

*1  *  \P  +  dl2  (3) 

and 

*2-\h  +  d2 


where 


a 

i 


1 


*2 


d 


2 


1 


+ 


ll 
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Figure  5.  Wave  path  for  the  PS  wave. 


n,~  irv.wvw-rf.^if.wv-ina  wj  r~  i rj  n  ~rj  %-,.  r;:T;,T?r,7Tjr7ri..'»’j  v\  :  w-  .•  rv  i 


The  wave  path  for  the  P-S  wave  is  shown  in 
Figure  5.  Since  the  P-wave  and  S-wave  cc»- 
pcnents  of  this  wave  travel  at  different  veloci¬ 
ties,  the  angle  of  reflection  (64)  does  not 
equal  the  angle  of  incidence  <©3) .  The  rela¬ 
tionship  between  these  angles  is  given  by  an 
adaptation  of  Snell's  law  [lj  given  in  Equation 


sin  ©3  sin  ©4 


Because  of  this  oonplicaticn,  the  lengths  of 
the  P-weve  and  S-wave  portions  of  the  wave  can¬ 
not  be  calculated  in  a  straight  forward  Banner. 
One  possible  calculation  technique,  presented  in 
Figure  5,  is  susmarized  be  lew. 

1.  Choose  a  value  for  e3. 

2.  U6e  Equation  5  to  calculate  64. 

3.  Calculate  d3  and  d4  as  shown  in  Figure 

5. 

4.  Compare  the  sum  of  dg  and  d4  with  the 
value  of  R^. 

5.  If  the  difference  between  this  sun  and 

is  not  within  the  specified  toler¬ 
ance  <  e  ) ,  choose  a  new  value  for  ©3 
and  return  to  Step  2.  Repeat  this  pro¬ 
cess  inti  1  acceptable  values  for  d3  and 
d4  are  fcxnd . 

6.  After  dg  and  64  are  Obtained,  use  the 
following  equations  to  calculate  the 
lengths  of  the  P-wave  and  S-wave  por¬ 
tions  of  the  wave  path  (Rg  and  R4, 
respectively) . 


The  distance  traveled  by  each  portion  of  the 
S-P  wave  path,  illustrated  in  Figure  6,  can  be 
determined  in  a  similar  fashion.  Snell's  law 
for  this  path  is: 

sin  ©^  sin  ©g 


Using  this  equation,  dg  and  dg  can  be  calcu¬ 
lated  using  the  iterative  technique  shown  in 
Figure  6.  Once  acceptable  values  far  these  dis¬ 
tances  are  found,  the  lengths  of  the  S-wave  and 
P-wave  portions  of  the  S-P  wave  path  (Rg  and  Rg, 
respectively)  can  be  calculated  using 


Rg  -  \|s2  +  dg 


TQA  CALCULATIONS 


After  the  lengths  Rg  through  Rg  have  been 
determined,  the  arrival  times  for  each  wave  can 
be  calculated  using  the  following  equations. 


T  3 

•  C. 


*1  +  *2 


R1  4  *2 
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Abstract 

""This  study  presents  some  discussion 
on  spatial  and  time  pressure  variations  of 
the  loading  on  flat-sided  buried  struc¬ 
tures  when  subjected  to  prescure  waves 
from  a  general  cylindrical-shaped  under¬ 
ground  explosive.  Non-normal  incidence, 
triaxial  pressure  conditions,  and 
reflected/ transmitted  coefficients  are 
discussed  relative  to  pressure  waves  in 
soil  inpirging  on  buried  flat  concrete 
walls . 

Introduction 

Tests  associated  with  measurement  of 
pressure  waves  in  soil  are  generally  con¬ 
cerned  with  three  pressures,  namely  a 
free-field  pressure,  a  side-on  pressure 
and  a  reflected  pressure.  The  free-field 
pressure  and  the  side-on  pressure  measure¬ 
ments  are  made  with  instruments  whose 
pressure  measuring  faces  are  aligned 
normal  and  parallel  respectively,  with  the 
pressure  wav  lirection  traveling  radially 
from  the  exp*  jive.  These  are  shown  sche¬ 
matically  in  Figure  la.  These  devices  are 
designed  and  mounted  in  such  a  manner  so 
as  not  to  interfere  with  the  wave  as  it 
moves  over  the  measuring  devices.  The 
normal  reflected  pressure  measuring  de¬ 
vices  are  rigidly  mounted  in  such,  a  rash- 
ion  that  the  measuring  face  is  normal  to 
the  wave  direction  as  shewn  in  Figure  lb. 

In  elementary  wave  mechanics  analyses 
for  normal  reflections  and  transmissions, 
the  free-field  and  the  associated  side-on 
pressures  are  usually  denoted  as  the  inci¬ 
dent  stresses,  and  the  so-called  reflected 
pressure  equals  the  transmitted  stress; 
while  the  true  reflected  stress  wave  which 
is  reflected  from  the  rigid  face  is 
usually  not  measured  in  soil. 

If  the  pressure  wave  is  truly  hydro¬ 
static,  then  the  side-on  pressure  is  equal 
to  the  free-field  pressure.  The  assump¬ 
tion  of  a  hydrostatic  stress  state  In  the 
wave  at  very  high  pressures  is  reasonable 
but  at  lower  stress  levels  soils  are  known 
to  exhibit  shear  resistance;  therefore  a 
triaxial  stress  condition  is  expected. 
Cristescu  [1]  reported  that  for  pressure 


waves  in  soils  the  transverse  or  side-on 
pressure  varies  with  the  moisture  content, 
and  at  low  humidities  of  5  to  11  the 
transverse  pressure  in  sandy  soils  may  be 
30  to  40 1  of  the  free-field  or  radial 
pressure.  Then  for  a  plane  or  spherical 
pressure  wave  in  soil  a  triaxial  stress 
condition  as  shown  in  Figure  2  will  exist, 
and  the  transverse  stress  <j  nay  be  ex¬ 
pressed  in  terms  of  the  free  field  or 
radial  stress  or, 

°t  “  ktar. 

For  fully  saturated  soils  kt  would  ap¬ 
proach  unity.  Experimentally  determined 
variations  of  kfc  with  moisture  content  arc 

not  available,  but  later  in  this  paper 
this  parameter  variation  will  be  investi¬ 
gated. 

Experimentally  determined  and  calcu¬ 
lated  radial  stresses  and  transverse 
stresses  for  pressure  waves  in  soils  were 
reported  by  Baum  et  al  [2]  In  that  study 
two  types  of  stress  gauges  were  used  to 
measure  nornal  pressures  up  to  5.0  MPa  at 
three  different  orientations  pc  shown  in 
Figure  3,  Results  of  both  calculation  and 
experiment  showed  normal  pressures  as  a 
straight  line  variation  of  cor(2e),  where 
6  is  r.ha  angle  between  the  normal  to  the 
gauge  face  and  the  impinging  wave  direc¬ 
tion.  Thiu  suggests  a  variation  cf  the 
normal  stress  at  the  g  uge,  on,  ’ith  or 
and  o  a3 


cr _  •*  1  (o„+o^)  +  1  (o  -c,.)co8  2e, 
ft  ■jr  r  t  r  u 


where  a  is  the  normal  stress  as  shown  in 
n 

Figure  4.  Equation  (2)  is  an  expression 
of  the  normal  st  ess  at  an  angle  0  for  a 
cylindrical  stress  state  of  principal 
stress  or  and  two  equal  principal  stresses 

of  ot.  The  shear  stratc  on  this  plane  is 

constant  for  a  given  e  and  reaches  its 
maximum  value  for  0-45°.  Experimental 
results  of  Ref,  2  indicaf  ;  that  the  normal 


stress  measurement  is  relatively  unaf¬ 
fected  by  the  sliding  of  the  soil  along 
the  gauge  surface. 

Using  the  identity  cos  2e  -  (2  cos  "6 
-  1)  and  Lq .  (1)  in  Eq .  (2)  yields  an 
expression  for  the  normal  stress  a as 

a  =o  (1-k  )  cos~6  +  k„  (3) 

n  r  c  t 

Reflected  and  Transmitted  Stresses 

For  normaT  reflection "and  trans¬ 
mission  from  an  interface,  by  using 
elementary  wave  nechraicts,  the  reflected 
stress  and  the  transmitted  stress  a„ 

J.V  A 

may  be  expressed  in  terns  of  the  incident 
stress  oT  and  the  characteristic  impe¬ 
dances  of  the  media  on  opposite  sides  of 
the  interface.  For  an  incident  stress  cij, 

traveling  in  material  1  that  impinges  on 
an  interface  between  material  1  and 
material  2,  using  equilibrium  conditions, 
the  stress  ratios  are  given  by  Rinehart 
[31  as 

fR  „  P2C2~P1C1 
aI  =  plcl+i,2c2 

<4) 

<T  _  2  p  rf  C  /> 

°T  P1C1+P2C2 

where  p  and  c  are  density  and  stress-wave 
speed,  respectively,  for  materials  i  and 

2.  For  a  soil/cor.crete  interface  the 
transmission  ratio  «T/cj  varies  from 

1.43  for  a  saturated  clay  to  1.92  for  a 
dry  sandy  soil.  There  appear  to  be  no 
experimental  data  for  transmission  ratios 
in  soil  at  other  chan  normal  incidence. 
Data  presented  by  ICingery  et  al  [4]  for 
explosions  in  air  show  that  conditions 
which  produce  normal  transmission  ratios 
of  2.0  also  give  transmission  ratios  of 
2.0  on  planes  other  than  at  normal 
incidence.  Based  on  this  it  will  be 
assumed  that  transmission  ratios  in  soil 
are  independent  of  the  angle  6.  Then  the 
transmitted  normal  stress  on  a  plane 
aligned  at  given  angle  8  will  be  equal  to 
the  incident  normal  stress  on  that  plane 
titles  the  transmission  ratio  for  the 
soil/structure  interface.  The  shear 
stress  is  assumed  to  be  negligible  in 
comparison  to  the  normal  3tress. 

Cylindrical  Explosive  Model 

Free -fie  I c  pressures  From  spherical 
explosive  charges  have  been  measured  by 
many  researchers  and  reported  in 

detail  in  the  classic  IIRRC  document  [u] 
and  expanded  by  many  others  such  as  Drake 
et  nl  15].  The  general  expression  for  the 
free  field  pressure  in  soil  is  given  in 
[5]  as 

ar  -  K(pc)(R/W1/Vn  (5) 


where  K  is  a  constant  for  a  given  depth  of 
burial,  a  given  explosive  type  and  given 
units  of  pc,  R  and  \J  where 
p  is  soil,  density 
c  soil  sonic  wave  speed 
R  standoff  distance  of  explosive  from 
point 

W  explosive  weight 
n  negative  slope  of  pressure  vs 

(R  curve 

A  formula  for  the  stress  trans¬ 
mitted  to  a  buried  wall  by  the  pressure 
wave  from  a  buried  conventional  explosive 
will  be  developed  using  all  the  previous 
equations.  This  development  is  made  for 
any  explosive  length;  however,  in  practice 
only  for  close-in  explosions  is  it  neces¬ 
sary  to  account  for  explosive  length.  The 
following  assumptions  and  procedure  will 
be  used. 

1.  Mathematically  break  the  cylin¬ 
drical  charge  into  II  parts,  each  weighing 
U/II  pounds,  where  II  is  the  close3t  odd 
integer  to  L/D,  where  L  is  the  cylinder 
length,  D  is  the  cylinder  diameter  and  W 
is  the  total  explosive  weight.  Asimroe 
that  the  free-field  pressure  at  any  point 
contributed  by  each  part  can  be  calculated 
as  though  it  were  a  spherical  explosive. 

2.  Calculate  the  free  field  pres¬ 
sure  according  to  Eq.  (5)  at  a  given  point 
as  a  function  of  time  for  each  part. 

Assume  that  the  transverse  pressure  is  of 
the  form  of  Eq.  (1)  and  that  the  normal 
pressure  Is  given  by  Eq.  (3),  and  apply 
the  transmission  factor  of  Eq.  (4). 

3.  Assume  that  each  part  has  its 
own  peal'-  pressure,  transit  tine,  pulse 
duration  and  attenuation,  based  on  its 
individual  weight,  stand-off  distance  and 
wave  speed  in  the  soil, 

4.  At  the  desired  point,  sum  all 
the  pressures  spatially  and  in  proper  time 
phase  to  give  an  overall  pressure  time 
function  for  each  desired  point. 

For  a  given  point  (x.y)  on  a  flat 
plane  which  is  a  known  distance  from  a 
cylindrical  explosive  (Figure  5)  the  ith 
part  of  the  explosive  will  produce  a 
pressure  tine  curve  similar  to  the  sche¬ 
matic  of  Figure  6.  The  follovzing  symbols 
are  used  in  Figures  5  and  6  and  in  the 
development  of  expressions  for  stresses 
from  a  cylindrical  explosion.  Here, 
(Xi.y^.Zj)  are  the  relav  ve  coordinates  of 

the  point  (x,y,o)  relative  to  the  center 
of  the  ith  part. 

xj  *  (x-Xj)  -  (X2-Xi)(i-%)/lI 

yi  *  <?-V  "  <VYi)(1'-)/n 

zj  -  Zj  +  (z2~z1Ht-h)/n 

Ri  -  <:;?  +  y|  + 

N  "  Nearest  odd  integer  to  (L/D) 

Xj,Y, ,Zj  Location  of  explosive  ends 

X2,Y2,7,2  Z2  >  Zlf  Y,  >  Y1?  X2  >  Xj 
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tgj  Time  of  arrival  of  first 

pressure  pulse  from  the 
first  element  1=1,  time 
zero  for  structural  re¬ 
sponse  . 

tg.  Time  of  arrival  of  pressure 

L  pulse  from  ith  element 

At .  Pulse  length  of  pressure 

1  pulse  from  ith  element 

a (x .,y . , t j)  Pressure  time  func¬ 
tion  of  pressure  pulse 
from  1th  element  at  a 
point  (x,y) 

F(t.)  Time  function  for  a  pres¬ 

sure  pulse  of  ith  element 
at  a  point  (x,y) 


a(Xi,yi)  Spatial  function  for 
a  pressure  pulse  of 
ith  element  at  a 
point  (x,y) 


a  Time  decay  constant  for 

pressure  time  curve 


If  o  denotes  the  normal  stress  trans¬ 
mitted  to  a  buried  concrete  wall  (z=0) 

from  a  buried  explosive  and  o  the  inci- 
r  n 

dent  stress,  the  transmitted  stress  at  a 
position  (x,y)  of  Figure  5  from  the  ith 
element  of  the  explosive  is 


arrival  tine  of  the  first  pressure  pulse 
at  <xj,yj,o).  The  pulse  duration  is  also 

assumed  to  be  a  function  of  pulse  arrival 
time,  based  on  experimental  observation  of 
Reference  [5].  For  these  assumptions  the 
arrival  time  and  pulse  duration  become 


c0i  "  <Ki-zl>/cs 
Atj  =  Ri/cg 


These  two  items  of  Eq.  (10)  then  set  the 
range  of  tine  given  in  Eq.  (10).  Use  of 
Eqs.  (8),  (9),  (10)  and  (11)  gives  the 
stress  transmitted  to  a  structure  at  a 
point  (x,y)  at  tine  t  as 


a (x,y , t)  =  I  a(xi,yi,ti)  (12) 

Soil/Structure  Interaction 

A  method  of  accounting  for  motior  of 
the  structure  is  given  in  References  [6] 
and  [7],  The  general  procedure  is  to 
double  the  free  field  pressure  value  and 
then  reduce  this  by  a  pcV  tern,  where  V  is 
the  normal  velocity  of  the  structure. 
Doubling  of  the  free  field  pressure 
assumes  a  completely  rigid  structure  and  a 
transmission  ratio  of  2.0.  For  the 
cylindrical  model  given,  the  pressure 
calculated  by  using  Eq.  (12)  has  already 
accounted  for  the  transmission  ratio; 
therefore  this  pressure  may  be  corrected 
by  using  the  following 

°S8(x*y.,:)  -  o(x,y,t)  -  P8csV,  (13) 


o(xJ,yi)  »  ^(J^.y*)  [  aT/axJ  (6) 

If  Eq.  (3)  is  used  for  a  and  Eq.  (5)  for 
s  Eq.  (6)  for  the  ith  element  becomes 

*•  l 

o(x.,y.)  -  Kpscs(Ri/U1/3)“n[oT/aI].  (7) 

[  (l-k(;)cos2!5i+kt;3 

bince  Ik  =  U/M  and  cose..  =  z^/R^,  Eq.  (7) 
wav  be  written  as 

aOc-.y^  -  Kp8cs[(W/lI)n/3][oT/cI].  (8) 
((i-kt)(a*/R]«  )+kt/Rj] 

The  stress  o  at  at  time 

in  assumed  to  be  given  by  a  separated 
variable  function 

ovXj.Y^t^)  =  *'(xt,yt)  F(ti)  (9) 

where  F(t^)  is  given  as 

F(ti)  =  [ l-<t-t0i)/Ati ] • 

exp  [-aft-tg^/At.J 

for  (R.-z^/c,.  <c<  (2Rt-Zi)/cs  (10) 

and  F(ti)  «  0° 

i'or  (Ri‘"l)/,cs  >t:> 

The  arrival  time  tg^  is  measured  from  the 


where  osg(x,y,t)  is  the  pressure 

transmitted  to  the  wall,  o(x,y,t)  is  given 
by  Eq.  (12)  and  V  is  the  normal  velocity 
of  the  wall. 

Results 

Tq.  (12)  is  easily  programmed,  and 
distributions  for  transmitted  stresses  for 
any  position  (x,y)  may  be  determined.  A 
set  of  normalized  pressure-time  curves  are 
given  in  Figures  8,  9,  and  10  for  an 
explosive  positioned  at  some  distance  x  - 
a ,  y  =  0  of  Figure  7 .  The  curves  are 
normalized  by  calculating  the  spatial 
distribution  for  a  given  time  and  dividing 
by  the  maximum  peak  pressure  for  kt  =  1.0. 

Figures  8,  9,  and  10  are  given  for  kt  = 

1.0,  0.5  and  0.0  respectively  at  various 
tines  for  variable  x  along  the  line  y  =  0. 
The  effect  of  kt  on  the  peak  pressures 

underneath  the  explosion  at  times  immedi¬ 
ately  after  detonation  is  almost  negli¬ 
gible;  however,  increasing  kt  tends  to 

increase  the  pressure  at  points  further 
away  from  the  center  of  the  explosion  at 
later  times.  The  peak  of  the  curves  show 
that  for  the  assumed  model  the  effect  of 
the  magnitude  of  the  transverse  stress  is 
negligible,  but  variations  due  to  time 
phasing  should  be  accounted  for  since  the 
entire  surface  is  not  loaded  at  zero  time. 
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Discussion 

THe- cylindrical  explosive  model  is 
based  on  the  spherical  model  of  References 
[A]  and  [5].  Experimental  data  on  cylin¬ 
drical  explosives  which  night  be  used  to 
check  the  model  predictions,  is  very 
scarce;  however,  an  extensive  set  of 
experiments  were  conducted  by  Destine,  et 
al  [8] .  Comparison  of  the  data  of  Drake 
[5]  and  Destine  [8]  shows  that  the  peak 
maximum  pressure  of  Reference  [5]  is  two 
to  three  times  greater  than  the  cylin¬ 
drical  data  of  Reference  [8].  This  is 
rather  surprising  since  the  data  of 
Reference  [5]  is  free-field  data  and  that 
of  Reference  [8]  is  reflected  pressure. 

These  differences  as  yet  are  unexplained 
but  some  interesting  curves  result  when 
they  are  compared  in  a  normalized  fashion. 
If  d  denotes  the  standoff  distance  from  a 
flat  plane  as  shown  in  Figure  11  and  R  the 
distance  for  a  given  angle  0,  a  normalised 
free-field  pressure  expression  of  Eq.  [5] 
may  be  written  as 

°n/°o  "  (d/R)n  =  (cos  e)n,  (1A) 

where  is  the  pressure  calculated  using 

R  =  d  in  Eq.  (5).  If  the  transverse 
stress  is  taken  into  account,  the  nor¬ 
malized  free  field  pressure  expression 
becomes 

°n/a0  =  (cos  0)n  ( (l-kt)cos20+kt] .  (15) 

Rote  that  Eq.  (15)  reduces  to  Eq.  (1A) 
when  k  »  1.0 

Eq.  (15)  is  plotted  in  Figure  11  for 
the  two  extreme  values  of  k  and  a  con¬ 
stant  value  of  n  s  3.25.  Also  plotted  is 
a  normalized  curve  of  the  cylindrical  data 
of  Reference  [8].  Except  for  the  region 
near  0  »  A 5 '  ,  all  the  curves  are  very 
similar,  and  as  d  Increases  the  cylin¬ 
drical  data  of  Reference  [8]  smooths  out 
at  the  0  ■  A5°  point. 

The  solid  curves  of  Figure  11  using 
Eq.  (15)  are  ratios  of  free-field  pres¬ 
sures;  however  they  could  very  well  be 
ratios  of  transmitted  pressures  for  a 
constant  transmission  ratio.  The  dashed 
curve  of  Figure  11  shows  the  ratio  of 
transmitted  pressure  of  Ref.  f 8 ]  and  ex¬ 
cept  for  the  area  near  6-45°  the  curve 
falls  within  the  boxinds  of  the  curves  for 
the  extremes  of  kt.  This  may  suggest  that 

a  smoothed  curve  of  the  reflected  cylin¬ 
drical  data  indicates  a  relatively 
constant  transmission  ratio.  Because  of 
the  similarity  of  the  two  different  types 
of  curves  of  Figure  11  these  observations 
may  indicate  that  the  differences  in  data 
of  References  [5]  and  f 8 ]  may  just  be  that 
of  «  constant  factor. 

The  assumption  of  a  transmission 
coefficient  independent  of  incidence  angle 
is  based  on  very  limited  experimental 


observations.  Reflections  and  trans¬ 
missions  for  soil/concrete  interfaces  at 
incidence  angles  greater  than  ten  degrees 
of  incidence  are  undefined  using  simple 
refraction  laws  of  physics.  This  occurs 
due  to  the  large  differences  in  wave 
speeds  of  some  soils  and  concrete.  The 
major  problem  is  that  the  simple  laws 
based  on  light  propagation  do  not  hold  for 
the  complicated  shock  waves  in  soil  and 
soil/structure  interactions.  Both  experi¬ 
mental  and  analytical  studies  are  needed 
to  define  soil/'structure  interaction  at 
non-normal  incidence  angles. 

Conclusions 

A  formula  has  been  developed  for  the 
stress  transmitted  to  a  buried  wall  by  the 
pressure  wave  from  a  buried  conventional 
explosion  of  cylindrical  shape.  The 
formula  seems  to  give  reasonable 
predictions,  but  has  yet  to  be  checked 
against  experimental  results.  Very  few 
experimental  results  are  available  for 
pressure  from  a  cylindrical  explosive,  and 
what  is  available  seems  to  be  inconsistent 
with  the  results  for  spherical  explosives 
which  were  used  as  a  basis  for  the  model 
developed  for  the  cylindrical  charge. 
Additional  experiments  are  needed  before 
the  validity  of  the  model  presented  here 
can  be  considered  verified. 
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ABSTRACT 

This  paper  describes  a  combined  analytical  and 
experimental  effort  to  study  blast  wave  propagation 
into  the  interior  of  rooms  from  short  duration  air- 
blast  produced  by  conventional  weapons  detonated 
near  entrances  to  these  facilities.  Data  from 
small-scale  high-explosive  tests  were  analyzed  to 
study  the  effects  of  opening  size,  incident  blast 
pulse  duration  and  peak  pressure  levels  on  the 
blast  transmitted  into  structures.  Peak  entrance 
pressures  ranged  from  0.07  to  1.5  XPa  (10  tc  220 
psi).  A  computer  code — CHAMBER — was  developed 
based  upon  a  modified  ray  theory  combined  with  em¬ 
pirical  formulae  derived  from  the  experiment  and 
non-linear  shock  propagation  and  shock  on  shock 
addition  rules  to  describe  the  diffracted  shock  at 
any  point  in  the  room.  An  existing  code  was  incor¬ 
porated  to  account  for  the  quasi-steady  flow.  Cal¬ 
culated  waveforms  compare  well  with  the  measured 
blast  pressure-time  records,  including  high  order 
reflections,  with  an  accuracy  comparable  with  the 
oest  3-0  hydrocode  calculations. 

INTRODUCTION 

Personnel  areas  and  equipment  within  hardened 
military  facilities  must  be  protected  against  the 
blast  produced  by  explosions  outside  entrances  and 
openings  to  these  facilities.  Methods  for  predict¬ 
ing  the  interior  blast  pressures  are  not  vre11 
developed  for  short  duration  pulses  characteristic 
of  those  from  conventional  weapons.  Previous 
research  by  others  LlJ  emphasized  the  quasi-steady 
gas  flow  (fill)  through  openings  into  rooms  for 
long  duration  pulses,  simulating  airblast  from 
nuclear  weapons.  Because  the  short  duration 
diffracted  pulses  that  accompany  the  fillip  pro¬ 
cess  are  not  included  in  this  technique,  interior 
peak  blast  pressures  can  be  grossly  underestimated 
for  conventional  size  threats. 

The  transmission  of  tiie  blast  environment 
starts  with  the  diffraction  of  the  incident  shock 
wave  through  the  opening  of  the  building.  This 
wave  expands  into  the  structure  with  a  correspond¬ 
ing  drop  in  pressure  due  to  geometrical  expansion 
and  rarefactions.  The  pressure  differential  Det¬ 
ween  the  exterior  and  interior  causes  an  inflow  of 
air  ’which  results  in  an  eventual  equalization  of 
the  interior  pressure  with  the  exterior  blast  en¬ 
vironment — so-called  "filling".  It  is  convenient 
to  consider  the  shock  propagation  and  subsequent 


internal  reflections  separately  from  the  filling 
and  mass  flow,  even  though  they  occur  simulta¬ 
neously.  The  injury  to  personnel  and  damage  to 
equipment  within  a  structure  associated  with  each 
of  these  components  is  dependent  upon  the  position 
within  the  building,  the  magnitude  and  duration  of 
the  incident  pressure,  the  room  dimensions  (vol¬ 
ume),  and  size  of  the  openings  into  the  facility. 

Airblast  "filling"  or  "leakage"  into  chambers 
from  long  duration  blast  loads  has  been  studied 
extensively  and  is  well  understood,  particularly 
for  large  structures  with  small  openings.  Filling 
is  essentially  a  quasi-steady  process  where  a  jet 
of  air  flows  through  the  opening  due  to  the  dif¬ 
ference  in  the  Interior  and  exterior  pressure. 
Initially,  the  abrupt  rise  in  exterior  pressure 
causes  a  high  velocity  jet  to  enter  the  chamber. 

The  average  interior  pressure  gradually  builds  as 
additional  air  is  forced  into  the  structure  until 
it  eventually  attains  a  near  equilibrium  condition 
with  the  outside  blast  environment.  The  time  at 
which  equalization  occxirs  (fill  time)  may  be  esti¬ 
mated  by  the  formula  LlJ, 

Tflll(msec)  =  ~  (ft)  (1) 


whsre  v  is  tne  chamber  volume  and  A  is  the  area  or' 
the  opening.  Thus  for  ST.aU  chamber  volumes, 
equilibrium  occurs  almost  immediately.  An 
excellent  review  of  the  important  research  for  the 
filling  problem  is  given  in  Ref.  LlJ  (Chapter  4). 
Coulter  L2-?J  performed  experiments  in  a  shock  tube 
using  model  rooms  to  study  the  filling  process. 

The  volumes  and  entrance  areas  as  well  as  the  inci¬ 
dent  pressure  and  opening  geometries  were  widely 
varied.  Primary  interest  in  most  of  these  studies 
was  on  lonq  duration  pulses  (typical  of  nuclear 
explosions)  against  civil  defense-type  structures 
such  as  basements  and  parking  garages. 

Several  theoretical  treatments  of  the  filling 
process  are  available  Ll  and  7J .  Most  of  these 
ignore  the  shock  wave  interaction  problem  and  focus 
on  the  jet  that  forms  at  the  entrance. 

Experimental  verification  of  these  computations  is 
quite  good  for  simple  room  and  entrance  geometries 
and  for  relatively  small  openings  LlJ.  However, 
for  large  openings  and  for  locations  near  the 
entrance,  the  interior  pressure  may  Re  dominated  by 
the  shock  propagation  into  the  facility. 
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EXPERIMENTS 


The  incident  shock  generates  a  pressure  wave 
at  the  opening  thnt  subsequently  propagates  into 
the  facility.  This  wave  expands  geometrically  into 
the  interior,  decays  in  amplitude,  and  reflects 
from  internal  surfaces.  Oecay  rate  and  pulse  dura¬ 
tion  of  this  wave  are  governed  by  the  size  of  the 
openings  into  the  structure.  The  attenuation  of 
the  peak  is  inversely  proportional  to  the  opening 
diameter  (or  mean  opening  dimension),  while  its 
duration  is  proportional  to  the  opening  diameter. 
Shock  diffraction  and  interior  reflection  problem 
was  recognized  in  early  studies  U.-3J,  but  little 
experimental  data  were  obtained  on  the  propagation 
and  attenuation  of  this  wave  into  structures. 

In  this  paper,  a  combined  analytical  and 
experimental  effort  is  described  that  studied  blast 
wave  propagation  into  the  interior  of  rooms  from 
airblast  waves  incident  to  openings  in  rooms. 
Twenty-seven  small-scale  high-explosive  tests  were 
conducted  to  study  the  effects  of  opening  size, 
incident  blast  pulse  duration  and  peak  pressure 
levels  on  the  blast  transmitted  into  a  structure. 
Interiors  of  the  model  rooms  were  heavily  instru¬ 
mented  to  measure  both  the  blest  entering  the  room 
and  the  subsequent  reflections  at  several  locations 
cn  the  walls.  An  analytical  method  was  developed 
based  upon  a  modified  ray  theory  combinea  with  non¬ 
linear  shock  propagation  and  shock  on  shock  addi¬ 
tion  rules  to  describe  the  d* ffracted  shock  at  any 
point  ir.  the  room.  Empirical  formulae  for  the  non¬ 
linear  shock  propagation  were  derived  from  fits  to 
experimental  data.  An  existing  Jet- fill  theory  was 
incorporated  to  account  for  the  quasi-steady  flow. 
Comparisons  of  calculated  waveforms  with  measure¬ 
ments  are  given. 
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A  series  of  high-explosive  experiments  was 
conducted  during  the  period  of  July  1980  through 
September  1983  at  the  U.  S.  Army  Waterways 
Experiment  Station  (WES)  Big  Black  Test  Site  to 
study  the  propagation  and  subsequent  multiple 

K  flections  of  a  diffracted  shock  into  a  room 
,5J.  It  was  desired  to  model  the  short  duration 
but  high  amplitude  diffracted  shock  that  would  be 
present  downstream  from  blast  valves  or  transmitted 
through  small  penetrations  from  large  explosions  as 
well  as  the  Interior  airblast  produced  by  conven¬ 
tional  size  weapons  detonated  near  entry ways.  In 
all,  twenty-seven  tests  were  conducted  using  C-4 
and  TNT  charges  ranging  from  0.11  to  12.3  kg  deto¬ 
nated  outside  small-scale  instrumented  rooms.  The 
charge  mass  and  stand-off  distances  were  selected 
to  provide  the  desired  peak  pressure  and  duration 
of  the  incident  airblast  at  entrances  to  the  test 
article.  Entrance  blast  peak  pressures  from  0.07 
to  1.5  Ff’a  and  pulse  durations  Just  outside  the 
entrance  ranging  from  0.  <  to  2.8  msec  were 
achieved. 

Typically,  the  interior  pressure  history  con¬ 
sisted  of  a  rapid  succession  of  short  duration 
pressure  pulses  corresponding  to  superposition  of 
multiple  reflections  from  the  Interior  walls. 
Normally,  the  first  peak  associated  with  the  direct 
wave  produced  the  greatest  pressure.  However,  at 
some  locations,  constructive  Interference  between 
reflect'd  waves  produced  peak  pressures  greater 
than  the  direct  pulse,  rig.  1  shows  records  taken 
inside  the  structure,  dage  1  shows  the  pressure 
pulse  entering  the  room,  and  gages  2-6  Illustrate 
the  dramatic  variation  o'  the  waveform  at  different 
locations  in  the  facility. 
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Figure  1.  Typical  pressure-time  histories  inside  a 
structure  with  an  interconnecting  tunnel. 
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ft  plot  of  the  side  on  peak  pressures  from  the 
first  test  series  normalized  by  the  peak  incident 
pressure  in  the  tunnel  is  shown  in  Fig.  2  plotted 
as  a  function  of  the  distance  in  tunnel  diameters 
from  the  opening  to  the  gages.  The  relationship 
between  normalized  pressure  and  range  is 

=  CtR/D)"1-35  (2J 

where  is  the  peak  side  on  pressure  in  the  test 
structure,  P0  is  the  entrance  pressure,  R  is  the 
distance  from  the  center  of  the  opening  to  the 
gage,  and  0  is  the  entrance  tunnel  diameter.  The 
coefficient  C,  was  found  to  be  a  function  of  the 
angle  a,  between  the  normal  to  the  center  of  the 
opening  and  the  gage  location  as  given  by  the 
expression, 

C  =  0.65  (1-0. 25a)  (3) 

for  a  in  radians. 

The  duration  of  the  input  shock  was  found  to 
be  controlled  by  the  size  of  the  opening. 
Rarefaction  waves  are  developed  at  the  edges  c?  the 
opening  that  propagate  across  the  entrance  and  drop 
the  pressure  behind  the  incident  shock.  This 
effect  can  be  measured  by  the  time  the  rarefaction 
wave  takes  to  transit  the  opening,  ft  linear  rela¬ 
tionship  for  tSie  positive  duration,  t+  ,  was 
obtained  as 


t+  =  £-  (4) 

C0 

where  C0  is  the  sound  speed  in  air.  If  the 
exterior  pulse  duration,  tp  ,  is  less  than  D/C0  , 
then  t+  =  tc  . 
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Fig. 2.  Peak  pressure  transmitted  into  tne  chamber 
a*.,  o  function  of  distance  frem  the  entrance. 


Eq.  2  fits  the  side-on  pressure  measurements 
within  about  ±20  percent.  Because  of  instrumen¬ 
tation  limitations  associated  with  measurements  of 
explosively  generated  alrblast,  such  as  the  fre¬ 
quency  response  of  gages  and  the  recording  system, 
gage  overshoot,  and  vibration  of  gage  mounts,  this 
accuracy  is  within  normal  experimental  scatter. 
Measurements  of  pulse  duration  have  a  much  larger 
random  scatter  which  is  characteristic  of  most 
airblast  data. 

The  analysis  above  treats  only  side-on  blast 
which  is  equivalent  to  the  free  field  blast  in  a 
chamber  before  reflections  occur,  ftll  of  the  test 
records  from  the  steel  chamber  and  many  from  the 
wood  chamber  are  reflected  blast  requiring  a  much 
more  complex  analysis  procedure  as  discussed 
below. 

SHOCK  DIFFRACTION  MODEL 

fl  semi -empirical  modified  ray  tracing  proce¬ 
dure  was  developed  to  model  shock  wave  diffrac¬ 
tion  through  an  opening  into  a  room  of  rectangular 
cross-section.  The  blast  at  the  opening  is  treated 
as  originating  from  a  point  source  located  at  the 
center  of  the  entrance.  Interior  walls  are  assumed 
to  be  perfectly  rigid  reflecting  planes.  Each 
encounter  with  a  wall  generates  a  reflection  which 
can  be  treated  as  a  pulse  originating  from  an 
"image  source"  locattd  behind  the  wall.  The  pres¬ 
sure  at  any  location  in  the  room  Is  then  a  non¬ 
linear  superposition  of  the  direct  shock  and  a 
contribution  from  an  "image  source"  for  each  of  an 
infinite  series  of  reflections. 

The  outline  of  steps  for  computing  a  waveform 
is  ns  follows:  First,  path  lengths  for  rays  of 
successively  higher  order  reflections  are 
generatea.  Arrival  times  are  calculated  by  inte¬ 
grating  the  pressure  dependent  shock  propagation 
velocity  along  the  path.  The  shock  wave  pressure 
attenuation  with  distance  for  each  ray  is  assumed 
to  be  the  same  as  for  the  direct  shock  expressed  by 
Eq.  2.  Orders  of  reflections  having  arrival  times 
greater  than  the  times  of  interest  do  not  contri¬ 
bute  and  are  not  computed.  Next,  pressure,  par¬ 
ticle  velocity  and  density  waveforms  for  each  ray 
are  calculated  neglecting  the  presence  of  other 
rays.  Finally,  the  pressure  waveforms  are  combined 
using  non-linear  shock  addition  rules  to  produce 
the  total  diffracted  pulse.  Each  of  these  steps  Is 
treated  In  detail  below. 

Path  Lengths 

An  infinite  number  of  ray  paths  are  possible 
within  the  room  due  to  combinations  of  reflections 
From  the  six  walls.  The  order  of  the  ray  Is 
defined  as 

N  =  2  ni  (5) 

where  rw  is  the  order  of  the  reflection  in  each  of 
the  rectangular  coordinate  directions,  i  =  1,  2, 
and  3.  Let  be  the  components  of  the  Nth  order 
ray,  then 
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xf  -  (-l)"1  x?  ±  niLi 


Shock  Addition  Rule  Number  2  -  "Conservation  of 
Momentum"  N 

»'■  2°<f< 


0  1 

where  X.  and  X,  are  the  coordinates  of  the 
source  and  receiver,  respectively,  and  Lj  is  the 
dimension  of  the  room  in  the  i*th  direction.  Note 
that  for  each  non-zero  order  of  reflection,  ni/0  , 
two  values  of  the  ray  component  are  possible;  one 
from  each  of  the  opposite  walls  of  the  room  in  that 
plane,  for  example,  floor  and  celling.  When  n|=0, 
then  only  one  value  is  possible  for  the  i'th  ray 
component.  The  total  ray  iength  is  found  from  all 
combinations  of  rn^  as 


■a,-- ) 


In  general,  six  ray  lengths  are  possible  then  nj  0 
fori  =  1,  2,  and  3. 

Pressure  Histories 

An  examination  of  the  measurements  indicated 
that  pressure  histories  for  any  ray  can  be  ade¬ 
quately  computed  from  the  commonly  used  exponential 
formula 

Pi(R.t)*  Pmax(R.o)  [l-(t-t0)/t+  (8) 

x  exp  C-(t-t0)/t+]  for  t  >  t0 

where  t+  is  the  positive  phase  duration  given  by 
Eq.  4,  and  pmax  is  the  peak  overpressure  given  by 
Eq.  2.  Peak  pressure,  PmnxCR.a)  ,  is  the  only 
factor  which  changes  in  this  expression  for  dif¬ 
ferent  rays  and  observation  points.  The  total 
waveform  is  constructeo  by  superuosltlon  of  these 
pressure  histories  for  all  rays  using  the  following 
non-linear  shock  addition  formulae. 

Shock  Combining  Rules 


Non-linear  shock  rules  were  postulated  by 
Needham  LeJ  combining  shocks  at  a  point  from 
multiple  sources  and  Incorporated  Into  the  LAMB 
model.  While  these  shock  addition  rules  cannot  be 
supported  from  first  principles,  they  have  proved 
to  be  accurate  In  comparisons  with  measurements  and 
hydrccodb  calculations  for  many  shock  combining 
situations.  In  this  method  the  waveform  for  each 
ray  is  computed  ignoring  the  presence  of  other 
shocks.  These  results  are  then  combined  using  the 
three  shock  addition  rules  as  follows: 

Shock  Addition  Rule  Number  1  -  "Conservation  of 
Mass" 

It  is  assumed  that  at  a  point  in  space,  the 
density,  o  ,  is  the  ambient  density,  pa  ,  plus 
the  sum  of  the  overdens Ities,  4pi  ,  due  to  all 
shocks  that  have  passed  that  point  at  a  given  tir.e 

N. 

S  *  n.  +  \  A  ni 


where  Ng  Is  the  number  of  shocks. 


where  V  is  the  total  material  velocity,  is 
the  density  for  shock  i  ,  and  Vi  is  the  particle 
velocity  for  shock  i  . 

Shock  Addition  Rule  Number  3  -  "Conservation  of 
Energy" 

The  total  overpressure  from  N-  shocks  Is 

JU 

P  Pl  2j  Pl|Vl|2  -  (U) 

where  Pj  is  overpressure  for  shock  1  . 

Arrival  Time 

The  arrival  time,  t0  ,  for  each  ray  Is  evalu¬ 
ated  by  integrating  the  pressure  dependent  shock 
wave  propagation  velocity  using  a  polytropic 
equation  of  state  for  air  with  a  ratio  of  heat 
capacities,  r  a  1-4  . 

Other  Shock  Wave  Parameters 

These  shock  combination  rules  require  not  only 
pressure,  P<(t),  waveforms,  but  also  velocity, 
Vi(t)  ,  and  density,  pj(t)  ,  waveforms. 
Experimental  measurements  provided  only  Pj(t)  . 
Particle  velocity  ,  V^x  •  and  density,  p^x  *  at 
a  shock  front  can  be  related  to  the  pressure, 

Pmax  <  through  the  Rankine-hugoniot  conditions. 
These  conditions  do  not  hold  exactly  behind  the 
shock  front. 

In  the  current  analytical  model  of  the  measured 
blast  environment  In  a  room  at  low  to  moderate 
overpressure  (0.07  <  P0  <  1.5  >Pa)  the  following 
approximations  (whose  accuracies  are  supported  by 
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comparison  of  the  calculated  pressures  with 
measurements)  have  been  made  to  obtain  parameters 
behind  the  shock  front.  First,  assume  adiabatic 
expansion  behind  the  shock  front  to  obtain  the 
density 


oi(t)  =  pmax 


Pj(t)+Pa 

Pmax+Pa 


1/y 


(12) 


where  Pj  is  obtained  from  Eq.  8  for  each  shock 
wave  and  Pa  is  atmospheric  pressure.  Next, 
assume  that  the  Rankine-Hugoniot  relation  for  par¬ 
ticle  velocity  applies,  approximately,  behind  the 
shock  front  to  obtain 


Vi(t)  =  C0 


(l-pa/pi)Pi(t) 


1  *s 


KaYo 


(13) 


MEASURED 


10  lb 

nnE  in  nsec 


T  ■* 

: .« 

r  *" 

-  1  - HIT  HPJI - 

CALCULATED 

*■ 

• 

1  4  C  1  II  II  H  l(  IB  H  U  14 

IIIIC  «<M() 

These  approximations,  along  with  the  shock  addition 
rules,  provide  a  reasonable  procedure  for  calcu¬ 
lating  the  shock  waveforms  produced  by  the  many  re¬ 
flections  from  the  walls  of  a  room.  In  the  follow¬ 
ing  section,  the  accuracy  of  this  procedure  Is 
evaluated  by  comparison  with  measurements. 

WAVEFORM  CALCULATIONS 


& 


Using  modified  ray  theory  model  discussed  above 
the  diffracted  pulse  and  the  fill  code  of  Ref. 
a  computer  code,  CHAMBER,  was  developed  to 
calculate  the  combined  pressure  pulse  in  a  room. 
This  code  was  written  in  FORTRAN,  orlqlnally  for 
mainframe  computers,  but  has  been  converted  to  run 
on  a  microcomputer.  CHAMBER  is  an  outgrowth  of  an 
earlier  code,  WESFIll,  reported  in  Ref.  IaJ  which 
treated  only  the  low-pressure  region  where  reflec¬ 
tions  can  be  treated  acoustically. 


Fig.  3  Is  a  comparison  of  the  CHAMBER  computed 
values  of  the  Initial  peak  reflected  shock  wave 
ovepressure  with  the  data  measured  in  the  steel 
chamber.  The  45-degree  line  represents  perfect 
aqreement.  The  maximum  deviations  from  this  line 
for  90  percent  of  the  data  Is  about.  35  percent 
which  is  within  the  normal  experimental  scatter  for 
measurements  of  this  type.  Since  the  code  uses 
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Fig.  4.  Example  of  a  calculation  with  measured 
pressure  history  at  midpoint  of  the  mid¬ 
plane  wall  for  low  pressures  (Pma/vM  KPa). 
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Figure  5.  Comparison  of  calculations  with  measure¬ 
ments  from  symmetrically  located  gages. 

Eqs.  (2)-(4)  derived  from  the  measurements  in  the 
wood  test  structure,  this  comparison  with  data  from 
the  steel  chamber  provides  an  independent  check  on 
the  generality  of  these  formulae.  Several  test 
cases  were  run  to  verify  the  accuracy  of  the  wave¬ 
form  computations.  Fig.  4  is  an  example  of  the 
low  pressure  measurements  made  In  the  wooden  struc¬ 
ture.  Agreement  between  the  amplitude  of  the  peaks, 
the  time  of  the  peaks,  and  apparent  reverberations 
within  the  structure  are  reproduced  well  by  the 
code.  Fig.  5  Is  an  example  of  comparisons  with 
the  high  pressure  measurements  made  in  the  steel 
chamber.  Measured  records  from  two  symmetrically 
located  gages  are  shown  with  the  computed  waveform. 
The  calculated  value?  are  Intermediate  between  the 
two  measurements.  Fig.  6  shows  another  comparison 
between  calculated  and  measured  records.  The  cal¬ 
culated  curve  and  the  Input  data  at  the  tco  of  the 
figure  are  from  an  actual  CHAMBER  run .  In  this 
case  the  second  peak  resulting  from  higher  order 
reflections  is  greater  than  the  first  peak. 

CONCLUSIONS 

The  explosive  tests  discussed  In  this  paper 
provided  an  experimental  basis  for  developing  and 
verifying  a  semi-gmplrical  calculational  procedure 
for  short  duration  blast  entering  a  room  through  an 
opening.  The  code  CHAMBER  based  on  this  procedure 
reproduces  the  blast  pressure-time  recerds, 
including  high  order  reflections,  with  an  accuracy 
comparable  with  the  best  3-0  hydrocode  calcula¬ 
tions.  Further  improvement  of  the  procedure  will 
require  Incorporating  more  expreimental  data  and 
more  accurate  formulae  for  density  and  per  tide 
velocity  histories. 
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The  analysis  presented  in  this  paper  — 
embodied  in  the  CHAW3ER  code  —  is  in  excellent 
agreement  with  neasurements  obtained  in  two  experi¬ 
mental  structures.  While  this  analysis  may  not  be 
applicable  to  all  openings,  the  measurements  on 
which  the  analysis  is  based  cover  a  fairly  broad 
range  of  parameters  as  follows*  (a)  the  pressure 
pulse  Just  outside  the  entrance  ranged  from  0.07  to 
1.5  ►f’a,  (b)  the  positive  phase  durations  of  the 
incident  pulse  ranged  from  0.9  to  4.3  acoustic 
transit  times  across  the  opening,  (c)  the  ratio  of 
opening  area  to  entrance  wall  area  varied  from  .006 
to  0.1,  (d)  the  ratio  of  room  volume  to  opening 
area  ranged  from  20  to  350  m,  (e)  the  angle  a 
with  the  entrance,  described  in  Eq.  (3),  ranged 
from  0  to  69  degrees  for  the  first  arrival  at  gages. 

For  the  short  duration  blast  in  our  tests,  the 
quasi-static  fill  contributed  only  a  small  fraction 
to  the  total  internal  pressure.  Howevsr,  for  long 
duration  blast  incident  on  the  entrance,  fill  will 
become  a  more  dominant  partuaf  the  total  waveform. 
Since  Coulter's  fill  model  l3j  is  included  in 
CHAMBER,  calculations  can  be  performed  for  long 
duration  pulses.  Fig.  7  is  an  example  of  com¬ 
putations  compared  with  airblast  measurements  in  a 
test  structure  on  Operation  Prairie  Flat  LbJ ,  a 
500-ton  (453,600-kg)  surface  tangent  detonation. 

In  this  case  the  entrance  area  was  31  percent  of 
the  wall  area,  or  three  times  greater  than  the  ope¬ 
nings  used  in  our  tests.  The  pressure  pulse  at  the 
entrance  fad  a  peak  of  4.7  psl  (.032  MPa)  and  a 
duration  of  250  msec,  which  is  about  50  acoustic 
transit  times  across  the  opening.  The  clrc.rs  on 
Fig.  7  were  computed  assuming  an  opening  sire  equal 
to  the  square  root  of  the  entrance  area,  i.e.,  4.5 
ft  on  a  side.  The  calculated  values  follow  the 
shape  of  the  measured  curve,  but  the  peak  is  35 
percent  lower.  The  triangles,  computed  using  an 
opening  5.5  ft  on  a  side,  are  in  better  agreement 
sith  she  peaks.  This  result  suggests  that  for 
long,  rectangular  openings  an  effective  opening 
size  greater  than  the  square  root  of  the  area 
should  be  used  for  the  refracted  shock  calcula¬ 
tions.  The  quest-static  fill  contribution  to  the 
calculated  pulse  gradually  rises  to  8  maximum  value 
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Figure  7.  Pressure  history  for  Prairie  Flat 
structure. 


of  3.7  psi  at  30  msec  and  is  approximately  equal  to 
the  input  record  for  later  times.  Tnls  pait  of  the 
total  pulse  appears  to  be  accurately  computed. 
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BLAST  CHARACTERISTICS  RESULTING  FROM  INTERNAL  DETONATIONS  INSIDE  A  BLAST  CHAMBER 


Lurry  Mar* 


Computer  Science*  Corporation 
NSTL,  Mississippi 


ABSTRACT 

A  series  of  tests  were  conducted  in  an  effort 
to  determine  blast  characteristics  resulting  from 
the  detonation  of  a  high  explosive  Inside  a  blast 
chamber,  which  was  designed  to  simulate  conditions 
in  a  multiple  bey  underground  structure.  Test 
specimens  of  varying  concrete  strength  and  rein¬ 
forced  steel  were  tested  to  determine  failure  modes 
under  Interior  blast  loadings  and  to  determine 
blast  effects  to  an  adjacent  space.  Teat  analysis, 
including  a  brief  narrative  discussion  of  the 
result*  and  the  anomalies  are  presented. 


INTRODUCTION 

The  use  of  existing  blast  wave  data  is  quite 
difficult  for  the  practitioner.  For  free-air 
bursts  and  surface  bursts,  the  effects  of  blast 
waves  can  be  readily  estimated  from  existing 
experimental  data.  However,  when  an  explosion 
occurs  within  a  structure,  the  use  of  existing  data 
for  estimation  purposes  Is  quite  difficult. 
Furthermore,  the  resulting  damage  cannot  always  be 
clearly  correlated  with  the  values  of  peak 
overpressure  and  Impulse. 

When  an  explosion  occurs  within  a  structure, 
the  peak  pressures  associated  with  the  Initial 
shock  front  (free-air  pressures)  may  be  extremely 
high,  and  in  turn,  may  be  reinforced  within  the 
structure.  In  addition,  the  gases  from  the 
explosion  may  exert  additional  pressures  and 
Increase  the  load  duration  within  the  structure,. 

The  combined  effects  of  the  shock  front  and 
additional  pressures  may  eventually  destroy  the 
structure  unless  renting  fjr  the  gas  and  th-  shock 
pressure  is  provided.  The  pressures  reflected  and 
reinforced  within  the  structure  could  be  referred 
to  as  Inter  lor- chock  front  pressures  while  those 
pressures  produced  by  the  accumulation  of  the 
gaseous  product”  of  the  explosion  could  be 
ioen'.ifl  <?  as  gas  pressures. 

Experimental  data  for  comparison  with 
theoretical  data  is  not  readily  available.  For 
this  reason,  a  series  of  tests  were  designed  by  the 
Air  Force  Armament  Laboratory  and  conducted  by 


Computer  Sciences  Corporation  to  determine 
resulting  damage  from  a  partially  confined 
explosion  and  some  of  the  parameters  associated 
with  interior  loading.  In  the  early  stages  of  test 
planning,  it  was  decided  to  achieve  some  definite 
objectives  in  the  preliminary  testing: 

1.  Simulate  an  Internal  blast  in  an  under¬ 
ground  burled  structure; 

2.  Construct  a  reuseable  test  fixture  that 
would  alltw  indefinite  testing  for  a 
definite  cost  effectiveness; 

3.  Establish  damage  criteria  for  different 
design  of  reinforced  concrete  walls; 

4.  Measure  the  parameters  associated  with  an 
internal  blast. 

It  has  been  stated  that  when  an  explosive 
charge  is  detonated  inside  a  structure,  the  initial 
shock  wave  is  Identical  with  an  initial  shock 
wave  obtained  in  the  open.  When  this  shock  wave 
strikes  the  wall  that  surrounds  the  charge,  it  is 
reflected,  and  the  reflected  wave  bounds  back  and 
forth  among  the  walls,  the  floor,  and  the  roof 
until  the  wave's  energy  has  been  completely 
transformed  into  heat  or  until  there  are  no  longer 
confining  wells,  that  is,  until  the  structure  is 
demolished. 

Various  approximate  methods  for  the 
calculations  of  different  parameters  have  been 
developed,  and  the  structures  are  usually  designed 
for  Impulse  loading  rather  than  for  the  peak 
pressures.  The  total  impulse  is  assumed  to  be 
distributed  uniformly,  whereas  the  actual 
distribution  of  the  blast  impulse  is  highly 
irregular  due  to  the  multiple  reflections  and  time 
phasing.  Only  recently  has  it  been  shown  that  a 
combination  of  peak  overpressure  and  positive  phase 
impulse  is  responsible  for  the  damage. 

TESTING  PROCEDURES 

To  meet  the  need  for  experimental  data,  to 
make  predictions  for  damage  to  reinforced  concrete 
structures  from  Internal  blast  and  the  resulting 
internal  pressure  associated  with  such  a  blast,  it 
was  determined  that  a  blast  chamber  be  designed  and 
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built  to  contain  such  a  blest  The  assembled  blast 
chamber  Is  shown  in  figure  1. 

There  are  three  basic  parts  tc  the  chambers  a 
bottom  cylinder,  top  cylinder,  and  dome.  The 
cylinders  ore  6-ft  sections  of  3-ft  O.D.  pipe  with 
a  1-inch  thick  wall.  Three  cycllnders  were 
constructed  to  be  interchangeable,  and  three 
cylinders  were  constructed  with  flanges  In  order  to 
hold  a  concrete  specimen  between  them,  A  hemi¬ 
spherical  dome  was  also  constructed  to  sit  atop  the 
blast  chamber  to  aid  In  uniformly  distributing  the 
blast  load  at  the  top  of  the  cylinder. 

The  reinforced  concrete  test  specimens  ware 
designed  and  constructed  as  shown  in  figures  2s  and 
2b.  The  concept  waa  to  have  a  target  erea  30  by 
30  Inches  which  would  simulata  a  reinforced 
concrete  wall.  Fourteen  concrete  test  specimens 
were  constructed.  The  epeclflcatlon  for  each 
window  design  la  given  In  table  1  below. 


Table  1.  Fabrication  Detail* 


Specimen 

Bar  Spacing 
#3  Bar 
(O.C. 
each  way) 

Fabrication 

Details* 

Compressive 
0  trews  th 

(inches) 

(welded) 

(psij 

l 

3 

Fully 

3000 

2 

J 

Fully 

3000 

2 

3 

Fully 

3000 

4 

3 

Partially 

3000 

5 

6 

Fully 

3000 

6 

6 

Fully 

3000 

7 

6 

Partlallv 

3000 

8 

3 

Partially 

6000 

9 

3 

Fully 

6000 

10 

3 

Fully 

6000 

11 

6 

Partially 

6000 

12 

6 

Fully 

6000 

13 

6 

Fully 

6000 

14 

6 

Fully 

6000 

♦Fabrication  details  with 

reference  to 

window 

reinforcement  connection 

to  rolled  steel  frame. 

TEST  RESULTS 

A  total  of  17  tests  ware  conducted.  Initial 
tests  were  conducted  with  a  0.5  lb  spherical 
pentollte  charge  at  stand-off  distances  of  9,  12, 
and  15  Inches,  The  basic  premise  Is  that  if  s  shock 
wave  strikes  a  wall,  the  wall  can  b'l  subjected  to  * 
blast  of  constant  pressure  equal  to  the  pressure  In 
the  shock  wave.  At  some  point  the  well  will 
collapse  and  the  migration  of  pressure  through  the 
collapsed  wall  could  he  measured  ss  well  as  the 
pressure  rise  in  the  adjoining  area.  Based  on  this 
reasoning,  It  la  not  possible  to  predict  whether 
confined  blasts  with  small  tombs  or  external  blasts 
with  large  bombs  Is  the  better  choice.  Experimental 
curves  for  free  air  hursts,  surface  burst*,  and 
reflecting  nheuomana  are  readily  available,  and  an 


attempt  has  bean  made  to  produce  some  experimental 
data  tor  explosive  bursts  in  enclosed  rooms. 

Without  reiterating  established  theory  and 
experimental  curves,  bear  In  mind  our  attempt  wea  to 
simulate  an  Internal  blast  in  a  ruuaeabla  test 
fixture  and  observe  the  darage  to  determine  how 
practical  and  useful  this  approach  would  be  for 
future  testing. 

Radial  distances  of  9,  12,  and  15  Inches  were 
Initially  determined  to  be  the  erea  of  interest  for 
the  assessment  of  damage  criteria.  Damages  on  a 
reinforced  concrete  wall  from  nearby  explosions  may 
vary  from  minor  cracks  up  to  complete  perfcratlor 
Our  main  objective  was  to  get  complete  perforation, 
so  we  could  get  pressure  migration  to  the  bottom 
chamber  end  record  the  pressure.  Simply  stated,  the 
desired  result  wea  to  measure  the  erea  of  damage  at 
a  certain  distance  tor  a  certain  weight  of 
explosive.  Using  these  radial  distance*  and  a 
charge  weight  of  0.3  lb  would  give  seeled  distances 
(8)  of  approximately  1.57,  1.26,  and  0.96.  At  a 
scaled  distance  of  1.57  using  a  0.5  lb  charge,  there 
was  no  damage.  At  a  scaled  distance  of  0.89  using 
approximately  a  1.5  lb  charge  for  the  same  specimen, 
there  was  no  damage.  At  e  seeled  distance  of  0.66 
using  1.5  lb  chcrge  again  with  the  same  specimen, 
there  %ias  only  spilling  on  the  back  side.  Using  the 
sane  specimen  at  a  scaled  distance  of  0.44  and  a 
1.5  lb  charge,  there  was  a  perforation.  These  tests 
were  with  a  3-lnch  spacing  and  3000  pal  compresalve- 
atrength  concrete.  Using  the  same  else  charge  and 
the  sane  stand  off  but  with  a  6 -Inch  spacing  and 
6000  pal  compressive-strength  concrete,  tnere  waa  a 
perforation  with  spalling.  Perhaps  a  significant 
development  at  this  stage  of  close-in  very  near 
contact  tests  was  the  relationship  observed  for  a 
spherical  shock  wave.  Thet  la,  for  a  spherlcrlly 
shaped  source,  the  front  as  It  propagates  through 
the  medium.  In  the  surface  of  a  sphere.  A  second 
result  was  complete  sealing  of  the  test  chamber  was 
not  achieved  as  expected. 

Testing  was  continued  In  an  effort  to  gain  a* 
much  information  as  possible  for  future  testing. 

This  waa  done  using  different  charge  weights  with 
different  scaled  distances  In  an  attempt  to  generate 
some  type  of  date  base.  There  was  a  clear 
difference  between  the  performance  of  the  reinforced 
concrete  specimens  with  a  o-lnch  spacing  and  those 
with  a  3- Inch  spacing.  However,  to  describe  this 
performance  adequately  In  terms  of  dssiage  criteria 
for  a  simulated  reinforced  concrete  wall  is  very 
difficult.  For  a  contact  explosion,  the  time 
Integral  of  the  total  fore*  exerted  on  the  wall  Is 
the  Impulse.  This  Includes  both  the  intense 
instantaneous  pressures  and  the  longer  Listing 
quasi-static  pressures  associated  with  a  dstoneti-m. 
Conversely,  for  an  indirect  explosion  In  a  confined 
space,  the  Impulse  Is  affected  by  this  confinement, 
end  the  effect  may  appear  to  be  a  difference  In 
behavior  for  the  material*  being  tested.  Thus,  an 
Ideal  condition  vould  be  to  determine  the  amplitude 
of  an  explosion,  the  amount  of  pressure  delivered 
for  a  period  of  time,  and  the  exact  final  condition 
of  the  structure.  Thus,  to  correlate  this  type  of 
testing  with  different,  perhaps  more  realistic 
specimen  designs.  Is  a  future  task. 
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CONCLUSIONS 


Table  2  gives  a  record  of  some  of  the  param¬ 
eters  measured  during  the  tests.  Figures  3a  through 
16b  are  photographs  showing  the  damage  criteria  with 
front  and  rear  damage.  In  the  Initial  design,  it 
was  decided  to  put  pressure  transducers  In  the  con¬ 
crete  specimen  where  the  reinforcement  was  greater 
to  determine  if  it  would  be  practical.  Transducer 
stations  in  the  side  of  the  cylinder  were  based  on 
all  tests  being  conducted  at  either  9,  12,  or 
13  Inches.  Figures  17  through  25  show  a  sampling  of 
pressure  time  histories.  Also  shown  are  some  repre¬ 
sentative  histories  of  pressure  migration  in  the 
bottom  cylinder. 

Table  2.  Damage  Parameters  Observed 


Plata HCfc 


Concrete 
Spec lwan 

Explosive 
U«  Ight 

Radial 

Scalad 

Compressive 
Strength  5 

Rar  P« 

pacing  Rain 

rcent 

orctaant  DaM|a 

Tiat  noJ 

it  (kgy 

N  (ft) 

rinT  "  ‘  ■ 

l 

(1) 

0.3 

1.23 

1.38 

3000 

3 

2  No  danagw 

1 

(2) 

1.42 

1.0 

0.89 

3000 

3 

2  No  daeage 

1 

(3) 

1.46 

0.73 

0.66 

3000 

3 

2  Spalling 

U) 

1.46 

0.3 

0.44 

3000 

3 

2  Perforation 

6 

(5) 

1.48 

o.s 

0.44 

3000 

6 

1  Perforation 

8 

(6) 

4.09 

0./3 

0.47 

6000 

3 

2  Perforation 

1/ 

(7) 

4.13 

2.1 

1.31 

6000 

6 

1  Perforation 

11 

;b> 

*.26 

3.2 

1.97 

6000 

6 

1  Perforation 

9 

(9) 

3.01 

2  36 

1.63 

6000 

3 

2  No  -Iomega 

2 

(10) 

3.02 

2.89 

2.00 

3000 

3 

2  Ho  damage 

3 

(11) 

3.03 

1.91 

1.32 

3000 

3 

Light 

crtLKlng 

9 

(12) 

4.16 

4.02 

2.30 

6000 

3 

Severe 

deaage 

14 

(13) 

4.17 

4.62 

3.00 

6000 

6 

Perforation 

7 

(14) 

4.18 

3.6 

3.30 

3000 

6 

Perforation 

10 

(15) 

4,13 

T  .6 

3.50 

6000 

3 

Severe 

spelling* 

4 

<16) 

3.2 

3.23 

3000 

3 

Severe 
a pel  1 lng* 

2 

'17) 

4.17 

4.4 

2.73 

3000 

3 

Severe 
epel ling* 

•Ho  complete  perfrraison. 


No  specific  conclusions  frcm  the  actual  test 
series  wore  made  because  of  soma  of  the  variations 
in  the  results.  However,  an  attempt  will  be  made  to 
describe  these  results  In  conjunction  with  our 
stated  objectives* 

1.  There  was  a  marked  difference  between  the 
0.3,  1.5,  3.0,  and  4.0  lb  explosive  charges 
at  approximately  the  same  scaled  distances. 
The  effects  could  not  be  explained  In 
simple  charge  weight  differences,  nor  could 
they  be  explained  in  simple  differences 
between  the  strength  of  the  reinforced 
concrete  specimens.  Ferhaps  the  fact  that 
nearer  the  charge  to  the  test  specimen  the 
less  uniform  the  loading,  while  at  greater 
distances,  the  more  uniform  the  leading  is 
a  critical  factor. 

2.  Spacing  of  tlie  reinforcement  steel  relative 
to  the  thickness  of  the  concrete  specimen 
is  a  more  critical  factor  than  the 
compressive  strength  of  the  concrete. 

3.  There  is  a  certain  peak  pressure  apart  from 
the  total  time  phase  which  will  perforate 
the  reinforced  concrete  specimen. 

6,  No  complete  analysis  could  be  made  because 
of  the  disparity  in  the  behavior  of  the  two 
patterns  to  a  blast. 

5.  Valuable  information  was  gathered  for 

future  testing,  and  our  basic  objectives 
were  accomplished:  to  construct  a  teat 
fixture  that  could  be  u:  ed  to  simulate  an 
Internal  bleat  and  use  concrete  specimens 
to  simulate  reinforced  concrete  wails. 


Based  on  tha  results  obtained  in  this  test 
series,  a  teat  program  will  be  developed  whereas  the 
concrete  specimens  will  be.  redesigned  using  various 
wall  thickness,  percent  reinforcement,  and  different 
compressive-strength  concrete.  Teat  fixtures  with  a 
minor  modification  will  be  completely  sealed.  Mere 
sophisticated  arrangement  of  instrumentation  will  be 
utilized.  A s  a  result,  a  practical  means  of 
predicting  blast  effects  for  confined  detonations 
witnln  a  structure  for  static  pressure,  pressure 
migration,  and  damage  criteria  will  be  developed. 
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Figure  4a. 


Figure  5a 
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Fieure  6 
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ABSTRACT 

The  paper  reports  fracture  teats  of  double 
notched  beam  specimens  of  concrete  and  mortar 
loadeo  in  shear.  It  let  demonstrated  that  sheer 
fracture  propagation  exists  provided  that  there 
exists  a  concentrated  shear  zone.  The  results  tend 
to  confirm  the  maximum  energy  release  rate  criteria 
on  for  fracture  propagation.  Tests  of  geometrically 
similar  specimens  yield  maximum  loads  that  agree 
vith  the  recently  established  size  effect  law  for 
blunt  fracture,  previously  verified  for  Mode  I. 
Preliminary  results  eJso  indicate  agreement  with 
finite  element  analysis  based  on  the  strsin-sof ten- 
Ing  crack  band  model,  In  which  the  same  material 
properties  are  ass'imed  for  fractures  In  Mode  I  and 
Mode  II.  The  results  ere  oC  particular  lntereot 
for  the  failure  of  concr  jte  structures  subjected  to 
blast  loadings. 

INTRODUCTION 

Crscks  in  concrete  or  morter  have  been  gener¬ 
ally  assumed  to  propagate  in  the  direction  normal 
to  the  max Iir urn  prune Ipal  stress,  which  represents 
the  cleavage  (or  opening)  fracture  mode.,  desig¬ 
nated  as  Mode  I.  This  type  of  cracking  has  been 
verified  even  for  the  failure  of  many  structures 
loaded  in  shear,  e.g.,  the  diagonal  shear  failure 
of  beams,  the  punching  shear  failure  of  slabs,  the 
torsional  failure  of  bean#,  the  shear  failure  of 
panels,  etc.  Ingraffes  [1]  ihowed  recently  that 
in  a  shear-loaded  beam  with  a  starter  notch  normal 
to  the  beam  axis  the  crack  does  not  propagate  in 
this  direction  but  roughly  in  the  direction  normal 
to  the  maximum  principal  stress.  Thus,  many  In¬ 
vestigators  have  thought  that  shear  fracture  docs 
not  exist,  and  even  the  claim  that  "shear  fracture 
is  a  sheer  nonsense"  has  been  heard  in  some  recent 
lectures. 

Shear  fractures  are  nevertheless  observed  in 
practice.  For  example,  reinforced  concrete  slabs 
loaded  by  an  intense  short-pulse  blast  often  fall 
l>y  shearing  off  at  the  support  along  a  creek 
normal  to  the  slab.  Penetration  of  projectllee 
i  itc  concrete  ilso  apparently  Involves  shear - 
proouced  crscks.  On  the  mode1 ing  side,  applica¬ 
tions  of  the  recently  developed  crack  band  model 
with  at  rain— bof Cenlng  [13,16,17,103  have  indicated 
that  the  crack  band  which  models  fracture  tan 
propagate,  under  re'teln  conditions,  in  the  shear 
mode  (Mode  II). 


Therefore,  a  program  to  investigate  the  shear 
fvacturt  of  concrete  has  been  undertaken  at 
Northwestern  University,  and  presentation  of  the 
first  results  is  the  purpose  of  this  paper. 

TEST  SPECIMENS 

The  test  specimens  were  beams  of  constant  rec¬ 
tangular  cross  section  ar.d  constant  length- to -depth 
ratio  8:3  (see  Fig,  1).  To  determine  the  size  ef¬ 
fect,  a  crucial  aspect  of  fracture  mechanics,  geo¬ 
metrically  similar  specimens  of  various  depths,  d  - 
1.5,  3,  6,  d  12  in.  (Fig.  2),  wt-e  tectnd.  The 
specimens  of  all  tires  were  cast  from  the  saae  batch 
of  concrete  or  mortar,  and  their  thicknesses  b  were 
the  saae;  b  -  1.5  in. 

For  comparison  of  specimens  of  different  sizes, 
the  choice  of  their  thicknesses  is  a  subtle  ques¬ 
tion  which  has  no  clear-cut  answer.  The  question 
arises  with  respect  to  the  effect  of  the  probable 
variation  of  fracture  energy  along  the  crack  edge 
across  the  thickness.  This  variation  is  principally 
due  to  two  effects:  1)  The  fact  that  chc  crack  front 
in  the  interior  of  the  specimen  is  essentially  in 
plane  strain,  while  near  the  surface  it  is  esseu  ■ 
t tally  in  plans  stress,  which  causes  for  elastic 
behavior  an  additional  stress  singularity  at  the 
surface  termination  of  the  crack  edge  [2j;  au'  2) 

The  fact  that  nouplanar  deformation  at  crack  front 
near  the  surface  may  be  caused  by  failures  along 
planes  nonortho go out  to  the  specimen  sides,  simi¬ 
larly  to  the  shear-lip  phenomenon  in  plastic  frac¬ 
ture  of  metals  [3,4,5].  The  former  effect  would 
prevail  for  structures  very  lerge  compared  to  the 
aggregate  size,  which  would  basically  follow  linear 
fracture  mechanics.  The  latter  effect  aeems  to  be 
■ore  important  for  structures  of  normal  sizes  De¬ 
cause  the  size  of  the  fracture  process  zone  affected 
by  the  surface  would  be  proportional  to  the  aggre¬ 
gate  size  and  independent  of  the  specimen  size. 
Therefore,  the  latter  effect  wms  deemed  to  be  more 
important,  and  this  was  the  reason  for  choosing  the 
sums  thickness  for  specimens  of  all  visas,  ensuring 
the  same  thickness-to-aggregate  size  ratio. 

A  pair  of  symmetric  notches,  of  depth  d/6  and 
thickness  2.5  mi  (same  thickness  for  ill  specimen 
sizes)  was  cut  with  a  diamond  saw  into  the  hardened 
specimens.  (Compared  co  the  specimen  with  a  one¬ 
sided  notch  used  before,  the  symmetrically  notched 
specimen,  in  which  two  cracks  propagate  simultan¬ 
eously,  is  simpler  to  analyze.)  The  specimens  were 
cast  with  the  side  of  depth  d  in  a  vertical  posi- 
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tlon,  using  u  concrete  iuIx  with  water-cement  ratio 
0.6  and  cement-eand -gravel  ratio  of  1:2:2  (all  by 
weight).  The  maximum  gravel  size  wan  da-  0.5  In., 
and  the  maximum  nand  grain  elze  was  0.19  In.  Min- 
eralogically,  the  aggregate  consisted  of  crushed 
limeetone  and  siliceous  rive,:  sand.  The  aggregate 
and  sand  were  air-dried  prior  to  mixing.  Portland 
cement  C150,  ASTM  Type  I,  with  no  admixtures,  was 
used . 

To  Illustrate  the  effect  of  aggregate  size,  a 
second  series  of  specimens  was  made  of  mortar,  with 
water-cament  ratio  of  0.5  and  cement-sand  ratio  of 
1:2.  The  same  sand  as  for  the  concrete  specimens 
was  used,  the  gravel  being  omitted.  Thus,  the  max¬ 
imum  aggregate  size  for  the  mortar  specimens  was  da 
-  0.19  in.  The  water-ceaent  ratio  differed  from 
that  for  concrete  specimens  in  order  to  achieve  ap¬ 
proximately  the  name  workability. 

Companion  cylinders  3  in.  in  diameter  and  6  in. 
in  length  were  cast  frcm  each  batch  oL  concrete  or 
mortar  to  determine  the  compression  strength.  After 
standard  28-day  moist  curing,  the  compression 
strength  wan  f£  “  5500  psi  with  standard  deviation 
S.D.  >125  psi  for  the  concrete  specimens,  and  7100 
psi  with  S.D.  -107  psi  for  the  mortar  specimens 
(each  value  determined  from  3  cylinders). 

The  specimens  were  removed  from  the  plywood 
forms  after  1  day  and  were  subsequently  cured  until 
the  moment  of  the  test,  for  28  days,  in  a  moist  room 
of  95%  relative  humidity  and  78?  temperature.  Three 
Identical  specimens  were  tested  for  each  type  of 
test. 

The  tests  were  carried  out  in  a  10-ton  servo- 
controlled  closed-loop  MTS  testing  machine  (Fig.  3). 
The  laboratory  environment  had  relative  humidity 
about  65%  and  temperature  about  78F,  and  the  speci¬ 
mens  were  exposed  to  this  environment  approximately 
3  hours  before  the  start  of  the  test. 

The  shear  loading  was  produced  by  a  system  of 
steel  beams  shown  in  Fig.  1,  which  applied  concen¬ 
trated  vertical  loads  onto  the  specimen.  Three  of 
the  loads  were  applied  through  rollers,  and  one 
through  a  hinge,  which  produced  a  statically  deter¬ 
minate  support  arrangement.  The  steel  surfaces 
were  carefully  machined  so  as  to  minimize  the  fric¬ 
tion  on  the  rollers. 

The  distribution  of  shear  force  V  in  the  ver¬ 
tical  cross  sections,  produced  by  this  loud  arrange¬ 
ment,  is  bhovn  in  Fig.  1.  Note  that  the  loads  were 
applied  relatively  close  to  the  notches,  so  as  to 
produce  a  narrow  L-egion  of  a  high  shear  force.  How¬ 
ever,  the  loads  could  not  be  too  close  to  the  notch, 
or  else  the  concrete  under  the  cupport  would  shear 
off  locally  before  the  overall  shear  fracture  could 
be  produced.  To  prevent  this  from  happening,  the 
load-r lstributing  steel  plate  under  the  roller 
could  not  be  too  small,  and  after  some  experimenta¬ 
tion  a  suitable  size  of  the  support  plate  was  de¬ 
termined.  For  the  four  specimen  sizes,  the  support 
plates  under  the  roller?  and  the  hinge  had  the 
widths  of  0.25,  0.5,  1  and  2  inches.  The  distance 
of  the  lords  from  the  notch  axis  was  always  kont 
as  d/12 .  The  thickness  of  ail  loading  plates  vac 
0.25  in. 

The  specimens  were  tested  at  constant  dis¬ 


placement  rate  of  the  machine.  For  each  specimen 
size  the  displacement  rate  was  selected  so  as  to 
achieve  the  maximum  load  in  about  5  min.  (±30  sec.). 

TEST  RESULTS 

The  measured  values  of  the  maxim- im  load  meas¬ 
ured  are  given  in  Table  1  for  all  specimens  of  all 
sices,  along  with  the  mean  values. 

Table  1.  -  Measured  Maximum  Loads 


lype 

of 

Test 

Depth 

d 

(in.) 

Maximum  Load  P, 

(lb.) 

Mean 

P 

l 

l“ 

2 

3 

1.5 

1380 

1465 

1475 

1440 

Mode  11 

3.0 

2792 

2816 

3012 

2873 

Concrete 

6.0 

5300 

5580 

5590 

5490  1 

12.0 

9910 

9990 

10100 

10003 

1.5 

1700 

1735 

1755 

173C  | 

Mode  II 

3.0 

3200 

3300 

3350 

3283  j 

Mortar 

6.0 

5280 

5400 

5500 

5410 

12.0 

9200 

9700 

10000 

9633 

1.5 

405 

408 

417 

410 

Mode  I 

3.0 

676 

705 

710 

697 

Concrete 

6.0 

984 

1034 

1090 

1036 

12.0 

1715 

1716 

1750 

1727 

1.5 

456 

508 

543 

5C2 

Mode  I 

3.0 

702 

751 

776 

743 

Mortar 

6.0 

999 

1053 

1098 

1050 

12.0 

1461 

1559 

1565 

1528 

The  cracks  propagate  as  shown  In  Fig.  1.  This 
proves  that  shear  fracture  exists,  i.e. ,  the  crack 
can  propagate  in  Mode  II.  Microscopically,  of 
course,  the  shear  fracture  is  likely  to  form  as  a 
zone  of  tensile  microcracks  with  a  predominantly 
45°-inclination  which  only  later  connect  by  shear¬ 
ing;  but  the  fact  is  that  in  the  macroscopic  sense 
the  observed  frretures  must  be  described  as  Mode  II. 

As  already  mentioned,  the  presently  observed 
crack  direction  contrasts  with  that  observed  by  In- 
graffea  [1]  in  his  test  sketched  in  Fig.  4a.  This 
test  differed  by  its  wider  separation  of  the  load¬ 
ing  points.  Therefore,  the  present  type  of  test 
was  also  made  with  a  wider  separation  of  the  load¬ 
ing  points.  In  that  case  the  cracks  propagated 
from  the  notch  tip  basically  in  the  direction  nor¬ 
mal  to  the  maximum  principal  stress,  same  as  obser¬ 
ved  by  Ingraffea;  see  Fig.  4b.  In  both  the  present 
type  of  test  (Fig.  1)  and  the  tests  with  the  wide 
shear  zone  (Fig.  4a, b)  the  stress  fields  near  the 
fracture  front  are  similar.  So  the  crack  somehow 
senses  the  stress  field  remote  from  the  cracks,  and 
responds  to  it.  Consequently,  the  stress  field 
near  the  fracture  front,  as  well  as  the  strain  and 
strain  energy  density  fields  near  the  fracture 
front,  does  not  govern  the  direction  of  tracture 
propagation.  What  la  then  the  governing  law" 

The  answer  is  that  a  Mode  I  crcck  propagating 
sideway  from  the  notch  tip  would,  for  the  present 
type  of  test  with  a  narrow  shear  force  zone,  quickly 
run  into  a  low  stress  zone  of  the  material,  and 
would,  therefore,  release  little  energy.  On  the 
other  hand,  a  vertically  running  crack  (Mods  II) 
continues  to  remain  in  the  highly  stressed  zone  of 
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the  material,  and  can,  therefore,  cause  a  large  re¬ 
lease  of  strain  energy ,  This  appears  to  confirm 
that  the  fracture  propagation  direction  is  gove.rttud 
by  the  criterion  of  the  maximum  energy  release  rate. 
This  criterion  has  been  known  in  theoretical  frac- 
cure  mecnanics  and  it  In  fact  a  direct  consequence 
of  the  basic  laws  of  thermodynamlco. 

The  conclusion  that  the  criterion  of  maximum 
energy  release  rate  should  govern  the  direction  of 
crack  propagation  la  confirmed  by  the  finite  ele¬ 
ment  studies  reported  by  Pfeiffer  «t  al.  [6-9].  In 
these  studies,  the  crack  band  model  was  used,  ar.d 
among  all  finite  elements  adjacent  to  the  crack 
band  front  the  crack  band  was  advanced  into  that 
element  for  which  the  energy  release  ftem  the  finite 
element  system  was  maximum.  These  finite  element 
simulations  indicated  the  crack  band  to  propagate 
sideway  when  the  shear  force  zone  was  wide  (Pig.  4b), 
and  vertically  when  the  shear  force  zone  was  narrow 
(Fig.  1),  which  is  in  agreement  with  the  observed 
directions  of  crack  propagation. 

SIZE  EFFECT  AND  FRACTURE  ENERGY 

The  structural  size  effect,  a  salient  aspect 
of  fracture  mechanics,  is  observed  when  geometri¬ 
cally  similar  structures  of  different  characteris¬ 
tic  dimensions  d  are  compared.  It  can  be  described 
in  terms,  of  the  nominal  stress  at  failure,  defined 
as  -  F/bd  where  F  -  load  at  failure  (maximum 
load)  and  b *  structure  thickness.  While  according 
to  the  strength  or  yield  criteria  used  In  plastic 
limit  design  or  elastic  allowable  stress  design,  oh 
Is  independent  of  structure  size  d,  in  fracture  me¬ 
chanics  Ojj  decreates  as  the  structure  size  in¬ 
creases.  This  is  because  fracture  mechanics  is 
based  on  energy  criteria  for  failure. 

Introducing  an  approximate  but  apparently 
quite  reasonable  hypothesis  that  the  energy  release 
caused  by  fracture  Is  a  function  of  both  the  frac¬ 
ture  length  and  the  area  traversed  by  the  fracture 
process  zone_  BaSant  showed  [10,11]  by  dimensional 
anal  ysis  and  similitude  arguments  that,  for  geomet¬ 
rically  similar  structures  of  specimens, 

(1) 

in  which  f~  is  the  diroct  tensile  strength  of  con¬ 
crete,  ua  is  the  maximum  aggregate  size,  and  d,  To 
are  empirical  parameters  characterizing  the  shape 
of  the  structure  or  specimen.  According  to  this 
size  effect  law,  the  plot  of  log  on  vs.  log  (d/da) 
represents  a  gradual  transition  from  the  strength 
criterion  (i.e.,  proportional  to  strength  f£) 
to  the  failure  criterion  of  tne  classical,  linear 
elastic  fracture  mechanics  (i.e.,  proportional 
to  d~*5) .  This  size  effect  law  Is  verified,  within 
the  limits  of  inevitable  statistical  scatter,  by 
all  available  Mode  I  fracture  tests  of  concrete 
and  mortar  Moreover,  this  size  effect  law  has 
also  beer,  shown  applicable  to  the  diagonal  shear 
failure  of  longitudinally  reinforced  beams  without 
stirrups  [12],  and  is  probably  applicable  to  all 
the  so-called  brittle  failures  of  reinforced  con¬ 
crete  structures.  Does  the  size  effect  law  also 
apply  to  shear  fracture? 

The  measured  maximum  load  values  show  that  It 
does.  They  are  plotted  In  Fig.  6  as  the  data 


points,  while  the  size  effect  law  is  plotted  aa  the 
smooth  curve,  and  a  good  agreement  is  apparent. 
Parameters  B  and  Yo  the  aize  effect  law  can  be 
most  easily  obtained  by  the  linear  regression  plot 
In  Fig.  6  because  Eq.  1  can  be  rearranged  as  Y  » 

AX  +  C  where  X-d/da,  Y-(f£/uN)2,  C-l/B2,  A- 

i/(Y0b2)-  This  means  that  B  »  1//C,  yq  ”1/(AB2) 
where  A  represents  the  slope  of  the  straight  ra- 
greseion  line  In  Fig.  6  and  C  represents  Its  Inter¬ 
cept  with  axis  Y. 

An  advantage  of  the  regression  plot  is  that 
it  also  yields  statistics  of  the  errors,  i.e.,  of 
the  deviations  of  the  measured  data  points  from 
the  size  effect  law.  As  Is  clear  from  Fig.  6, 
these  deviations  are  random  rather  than  systematic, 
and  their  coefficient  of  variation  is  found  to  be 
wylx  “  0.0911,  which  is  quite  acceptable  for  a 
heterogeneous  material  with  statistical  properties 
such  as  concrete.  This  value  is  calculated  as 
“YIX  "  (  [£(Y  -  Yteat)  "1/ (N  -  2)}*V  Y,  which  is  an  un¬ 
biased  estimate;  Y-Ytest  are  the  deviations  of 
data  points,  N  is  the  number  of  all  data  points, 
and  Y  «  (£Y)/N  «  mean  of  all  measured  Y.  When  the 
statistics  Is  based  on  the  mean  P  for  each  specimen 
size,  then  uy  j  X  ”  0.0668. 

To  calibrate  tne  size  effect  law  once  Its 
validity  is  already  accepted  requires  specimens 
whose  sizes  differ  at  least,  as  1:3.  However,  to 
verify  the  validity  of  the  size  effect  law  one 
need?  a  much  broader  range  of  sizes,  at  least  1:10. 
This  necessitates  inclusion  of  very  large  specimens 
in  the  test  program.  The  smallest  specimen  Is 
chosen  as  small  as  possible  for  the  given  size  of 
aggregate.  This  la  the  reason  for  choosing  the 
depth  of  the  smallest  specimen  tc  be  only  3da.  The 
largest  practicable  specimen  for  the  available 
testing  machine  was  then  of  depth  d  » 12  in.  (d/da 
-  24).  For  concrete,  however,  thlB  size  is  not 
large  enough  to  verify  the  size  effect  law  (Eq.  1), 
since  the  last  data  points  for  concrete  in  Fig.  6 
lie  too  far  from  the  limiting  inclined  straight 
line  of  slope  -  1/2  corresponding  to  linear  elastic 
fracture  mechanics.  This  was  the  main  reason  for 
adding  a  second  series  of  mortar  specimens,  which 
makes  it  possible  to  extend  substantially  the 
range  of  relative  sizes  o/da  without  having  to 
test  still  much  larger  specimens.  Even  though 
some  additional  error  is  no  doubt  Introduced  due 
to  the  differences  between  mortar  and  concrete 
other  t'lan  those  due  to  aggregate  size  da,  the 
measured  maximum  loads  for  concrete  and  mortar, 
when  put  together,  appear  to  follow  quite  well  the 
size  effect  law  (Eq.  1),  and  thus  to  verify  its 
validity. 

Note  also  that  according  to  Fig.  6  linear 
fracture  mechanics  would  govern  'he  behavior  of 
specimens  with  d/da-?00  or  larger.  This  implies 
for  concrete  the  beam  depth  of  over  100  in.,  and 
for  mortar  over  40  in. 

Another  advantage  of  the  size  effect  law  is 
that  It  allows  the  simplest  way  to  determine  the 
fracture  energy  Gy.  As  recently  shown  [14], 
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in  which  A  -  slope  of  the  size  effect  regression 
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Fig.  6  -  Test  Results  of  Mode  II  (shear)  Fracture  Tests 
and  their  Regression. 
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lina  (Fig.  7b  in  the  present  ease),  E^  ”  elastic 
Young's  mcd:tlus,  and  g(ap)  “  Cfa^Kcb^d/P2;  G(u) 
represents  the  linearly  elastic  energy  release  rata 
as  a  function  of  a  *a/d  where  a  “  Sq+c,  sq  “  length 
of  the  notch  and  c  ■  length  of  the  crack  froa  the 
notch  tip,  G(a3)  is  the  value  of  0  evaluated  for 
a«a0,  and  g(co)  with  no  “  ag/d  is  the  nondimun- 
slonal  energy  release  rate.  The  values  of  G(ao)  or 
g(ag)  can  be  found  In  handbooks  [15]  or  textbooks 
[3,4,5]  for  many  typical  specimen  geometries,  how¬ 
ever,  not  for  the  present  specimen.  Therefore,  the 
value  of  g (o q )  was  obtained  by  linear  elastic  finite 
element  analysis;  g(ag)  «  2.93. 

Note  that  f £  and  da  are  used  in  Eq.  2  because 
the  regression  plot  in  Figs.  6  and  7  is  in  nondimen- 
aional  variables  in  order  to  allow  comparing  mortar 
and  c.oncr«  e.  Alternately,  tha  ragressiou  could  be 
done  in  the  plot  of  o$j~2  versus  d,  tx„i  then  fj2  end 
da  du  not  appear  in  Eq.  2.  Therefore,  the.  precise 
values  of  ft  (and  da)  ere  immaterial  for  the  value 
of  Gf  calculated  in  Eq.  2. 

Application  of  Eq.  2  to  the  pranent  data  yields 
the  following  values  for  Made  IX  fracture  energy 
Gf  ■  Gf11; 

r,fn  -  5.85  lb./ in.  (1020  N/m)  for  concrete 

G^'  “  3.25  lb. /in.  (539  N/m)  for  mortar. 


From  preliminary  results  of  the  companion  Mode 
I  test  series  for  the  same  type  of  concrete  and  mor¬ 
tar,  application  of  Eq.  2  (for  the  three-point  bent 
specimen  geometry)  yields  approximately  the  value 
Gf1  -  0.184  lb. /in.  (32.2  N/m)  for  concrete  and  Gf1 
-  0.123  lb. /In.  (21.5  N/m)  for  mortal.  The  linear 
regression  plot  and  size  effect  are  plotted  in  ?t%. 

8  tor  individual  maximum  load  values.  The  load 
values  for  Mode  I  fracture  tests  are  given  In  .'able  1. 


It  is  striking  haw  much  larger  the  fracture 
energy  is  for  Mode  7.1  as  compared  to  Mode  I  The 
ratio  appears  to  be  about  32  for  concrete  and  26 
for  mortar.  This  huge  difference  seems,  however, 
explicable  in  terms  of  the  crack  bund  finite  el  erne  *t 
model  [16]  which  was  shown  to  also  describe  correct¬ 
ly  the  crack  shear  resistance  [17]. 


The  results  of  test*  and  if  preliminary  finite 
element  calculations  compare  as  follows; 


Tests:  Gj 

Finite  Gi 
Elements;  f 


0.184  lb. /in.,  Gj1  “5.85  lb./iu. 

tt  (4) 

0.236  lb. /in.,  G*1-  5.02  lb. /in. 


It  must  be  emphasized  that  the  ccme  material 
properties,  defined  by  the  same  tensile  strain- 
softening  diagram  [16]  were  used  both  for  Mode  I 
and  Mode  II  finite  element  simulations. 

In  Mode  I  fracture,  the  fraetui*.  energy  is  in 
the  crack  band  .iodel  represented  by  the  *rea  -nder 
the  tensile  strain-softening  diagram,  multiplied  by 
the  width  of  the  frccture  process  zone.  In  Mode  II 
(shear)  fracture,  tensile  cracking  is  not  all  that 
is  needed  fo-  failure.  The  cracks  produced  by 
shear  are  inclined  about  45°,  and  tilers  remains  a 
connection  across  the  fracture  after  these  cracks 
form,  consisting  of  inclined  struts  between  the 
cracks  spanning  across  the  frccture  (Fig.  6). 

The  full  shearing  of  the  material  also  re¬ 


quires  that  these  struts  be  broken  by  compression 
crushing  (vhlcti  would  most  likely  consist  in  com¬ 
pression-shear  failure  of  these  struts).  Therefore, 
the  fracture  energy  for  shear  also  includes  ihe 
area  under  the  compression  stress-strain  diagram 
for  these  Inclined  struts,  including  the  strain- 
softening  portion  of  this  diagram,  multiplied  by 
the  width  of  Che  fracture  process  zone.  How,  the 
ares  uudei  the  complete  compression  stress-strain 
diagram  is  many  times  larger  than  the  area  under 
the  complete  tensile  strecs-strain  diagram.  Thus, 
tt  is  nrt  surprising  that  the  Gf-values  in  Eq.  3 
are  far  larger  than  those  for  Mode  I  fracture.  It 
must  be  kept  in  mind,  however,  that  these  values  of 
Gf*1  include  the  energy  to  break  the  sheer  resis¬ 
tance  due  to  aggregate  interloc'  (crack  surface 
roughness) . 

The  size  effect  lav  also  makes  it  possible  to 
easily  determine  the  R-curva,  i.e.,  the  plot  of  the 
energy  required  for  crack  growth  as  a  function  of 
the  crack  length,  c  (measured  from  the  notch  tip). 
As  show  in  Refs.  14  and  19,  the  P -curve  represents 
the  envelope  of  the  fracture  equilibrium  curves  of 
geome,  rically  similar  specimens  of  all  sizes;  see 
Figs.  7,  9  and  4,  fp  which  the  convex  curve  for 
each  specimen  depth  d  can  be  plotted  from  the  max¬ 
imum  load  vaiue,  P  [14, IS],  It  is  essential  to  use 
for  this  purpose  the  maximum  lead  values  smoothed 
by  the  size  effect  law.  If  the  use  of  unsmoothed, 
scattered  data  (as  measured)  ia  attempted,  then  the 
fracture  equilibrium  curver  do  noc  yield  r.ny  envel¬ 
ope  [14,19],  As  already  remarked,  the  limiting 
asymptotic  value  of  tre  envelope,  I.e.,  cf  the  R- 
curve,  is  the  fracture  energy  obtained  ft  e:’  Eq.  2. 
Fig,  7  shows  the  R-curve  for  shear  fracture  obtained 
after  smoothing  with  the  regression  line  in  Fig.  6. 
(Fig.  9  nhows  the  k-curve  for  Mode  1  fracture  fiom 
-egression  line  in  Fig.  ).)  Availability  of  tha  R- 
curve  makes  it  possible  to  approximately  calculate 
failure  leads  of  structures  witp  an  equivalent  anal 
ysis  baaed  on  linear  elastic  fracture  mechanics, 
even  though  the  frncture  law  Is  evidently  highly 
nonlinear . 

A  more  detailed  study  of  tie  finite  element 
modeling  of  shear  fracture  with  the  crack  oand 
model  is  planned  for  subsequent  work.  While  the 
crack  band  moael  and  the  finite  elraueit  models  based 
on  a  stress-displacement  relation  for  a  line  crack 
(Hillerborg ' s  model.  Refs,  1C  and  19}  are  essential¬ 
ly  equivalent  for  Mode  j.  fracture  teats  of  concrete 
and  can  represent  them  equally  well,  there  anpears 
to  be  a  significant  difference  for  shear  fracture 
tests.  It  seems  that  both  Mode  I  and  Mode  II  frac- 
t"re  ‘este  car  be  described  with  one  and  the  oame 
crack  band  model.  This  is  not  true  for  the  model 
based  on  the  stress-displacement  relatli,  for 
which  some  additional  rules  apparently  need  to  be 
added  to  make  it  work  also  for  shear  fracture  and, 
in  particular,  to  represent  the  contribution  of 
surface  roughness  (aggregate  interlock)  to  the 
shear  fracture  energy. 

CONCLUSIONS 

1.  Shear  fracture  (i.e..  Mode  IX  fracture)  of  con¬ 
crete  exists. 

2.  The  direction  normal  to  the  maximum  principal 
stress  cannot  be  considered  in  general  as  a 
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criterion  of  crack  propagation  direction  in  con¬ 
crete,  Rather,  fracture  secot3  to  propagate  in 
the  direction  for  which  the  energy  release  rate 
from  the  fracture  is  maximized. 

3.  Like  Mode  I  fracture,  the  shear  (Mode  XX)  frac¬ 
ture  follows  the  size  effect  law  of  blun„  frac¬ 
ture  [11 J.  This  Implies  that  a  largo  fracture 
process  zone  must  exist  at  the  fracture  front, 
and  that  nonlinear  fracture  mechanics  should  be 
used,  except  fer  extremely  large  structures. 

4.  The  maximum  aggregate  size  da  appears  acceptable 
as  u  characteristic  length  for  the  size  effect 
law.  This  further  implies  that  the  size  of  the 
fracture  process  zone  at  maximum  load  is  approx¬ 
imately  a  ret  tain  fixed  multiple  of  the  maximum 
aggregate  size. 

5.  The  shear  (Mode  II)  fracture  energy  appears  to 
be  aoout  32-ttues  larger  thar.  the  cleavage  (Mods 
I)  frs  :.ture  energy.  This  large  difference  may 
probably  be  explained  by  the  fact  that  shear 
fracture  energy  includes  not  only  the  energy  to 
create  inclined  tansile  mlcLocracks  in  the  frac¬ 
ture  process  zone,  but  also  the  energy  required 
to  break  the  shear  resistance  due  to  interlock 
of  aggregate  and  other  asperities  on  rough 
crack  surfaces  behind  the  crack  front. 

6.  The  R -curve. describing  the  shear  fracture  energy 
required  for  crack  growth  as  a  function  of  the 
crack  extension  from  the  notch,  may  be  obtained 
from  'he  size  effect  law.  It  results  as  the  en¬ 
velope  of  the  fracture  equilibrium  curves  for 
geometrically  similar  specimens  of  various 
sices . 
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ABSTRACT 


A  nonlinear  model  for  reinforced  concrete  Is 
discussed.  The  theoretical  framework  Is 
nonphenomenologlcal  In  the  sense  that  the  global 
equations  are  synthesized  from  the  properties  of 
the  constituents  and  constituent  Interfaces,  and 
the  component  geometry.  The  model  Is  erst  In 
the  form  of  a  binary  mixture  which  resembles  the 
overlay  of  two  continue :  steel  and  concrete. 
Validation  studies  reveal  good  agreement  between 
simulations  and  experimental  data  for  both  mono- 
tonic  and  hysteretlc  deformation  histories. 

INTRODUCTION 

The  nonlinear  response  of  reinforced 
corxrete  Is  dominated  by  complex  Interactions 
between  the  steel  and  concrete.  Such  inter¬ 
actions  have  a  major  effect  on  structural 
characteristics  such  as  stiffness,  strength, 
damping,  and  ductility.  Consequently,  It  Is 
necessary  that  a  model  of  reinforced  concrete 
reflect  these  phenomena.  Further,  In  an  effort 
to  minimize  the  number  and  type  of  tests 
necessary  to  define  model  parameters.  It  Is 
desirable  that  the  model  be  nonphenomenologlcal , 
l.e.,  that  the  global  properties  of  reinforced 
concrete  be  synthesized  from  the  properties  of 
the  steel  and  concrete,  the  cteel -concrete 
Interface  physics,  and  the  steel  geometry. 

In  this  paper  a  candidate  model  Is  discussed 
that  satisfies  the  foregoing  requirements.  The 
theoretical  formulation  Is  validated.  In  part, 
by  detailed  comparisons  between  numerical 
simulations  and  experimental  data.  Those 
validations  concern  two  primary  steel -concrete 
Interaction  mechanisms:  (1)  The  steel  -concrete 
bond  problem  and  (2)  the  steel -concrete  dowel 
problem.  Problem  (1)  plays  a  dominant  role  In 
the  bending  and  the  nonlinear  stretching  cf 
reinforced  concrete  beams,  plates,  and  shells. 
Problem  (2)  plays  a  major  role  In  the  transverse 
shear  deformation  of  reinforced  concrete  beams, 
and  the  transverse  and  In-plane  shear 
deformation  of  reinforced  concrete  plates  and 
shells. 


THEORETICAL 

A  large  class  of  theoretical  modeling 
problems  concerning  the  constitutive  description 
of  reinforced  concrete  fall  Into  the  general 
category  of  "homogenization'1.  The  term,  as  used 
here.  Implies  construction  of  the  macro-consti¬ 
tutive  relations  via  micromechanical  considera¬ 
tions  together  with  appropriate  smoothing  or 
averaging  operations.  The  final  result  may,  on 
the  macroscale,  be  an  "equivalent"  single-phase, 
multi-phase,  or  non-local  continuum. 

As  use  of  the  prefixes  "micro"  end  "macro" 
above  Imply,  hoacogenlzatlon  typically  enters  the 
picture  when  one  wishes  to  determine  the 
response  of  a  continuum  for  which  two  widely 
differing  length  scales  can  be  Identified.  The 
large  scale,  or  macroscale.  Is  determined  by  the 
specimen  geometry  and/or  the  loading  condition; 
the  small  scale,  or  microscale.  Is  determined  by 
material  heterogeneity.  In  the  case  of  rein¬ 
forced  concrete,  the  typical  steel  spacing 
constitutes  the  appropriate  microscale. 

The  homongenlzatlon  problem  Is  para¬ 
meterized  by  the  small  ratio  of  the  two  length 
scales,  t.  The  fundamental  problem  Is  to 
determine  the  "proper"  macroscopic  response 
equation  as  c  ►  0.  Once  obtained.  It  Is  natural 
to  Introduce  asymptotic  (small  c)  notions  Into 
the  analysis  to  determine  a  physically  mean¬ 
ingful  sequence  of  equations  ordered  in  powers 
of  t.  The  higher  order  equations  are  Intended 
to  provide  additional  simulation  capability  on 
the  macroscale. 

Using  homogenization  concepts,  a  nonlinear 
model  of  reinforced  concrete  with  a  "dense" 
unidirectional  steel  layout  has  been  con¬ 
structed.  Typical  such  meshes  arc  depicted  In 
Figure  1.  The  construction  technique  was  based 
upon  the  use  of  multivariable  asymptotic  expan¬ 
sions,  a  variational  principle  and  certain 
smoothing  operations.  The  resulting  model  has 
been  cast  In  the  form  of  a  binary  mixture  which 
resembles  an  overlay  of  two  continue:  steel  and 
concrete;  these  continue  Interact  via  body 
forces  which  are  functionals  of  the  relative 
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global  displacements  of  the  contl  nua.  A 
complete  mathematical  description  of  t.ie  model 
ana  the  construction  procedure  can  be  found  in 
Reference  [1].  For  brevity,  remarks  In  this 
paper  are  focused  primarily  upon  comparisons 
between  theoretical  simulations  and  experimental 
data  In  our  effort  to  demonstrate  the  simulation 
capability  of  the  model. 


(ml  taiitae 


ft)  ferHltaMr 


Figure  1.  Unidirectional  dense  steel  arrays. 
STEEL -CONCRETE  BOND  PROBLEM 


The  steel -concrete  bond  problem  concerns  the 
manner  In  which  normal  forces  are  transferred 
across  crack*  In  reinforced  concrete,  and  the 
stiffness  degradation  that  occurs  due  to 
progressive  cracking.  The  phenomena  considered 
Include  bond  slip  and  degradation,  concrete 
cracking,  and  yielding  or  the  rebar.  In  the 
literature,  problems  of  this  type  fall  Into  the 
category  of  “tension  stiffening*. 


Consider  the  problem  of  predicting  the 
global  response  of  s  unidirectional  ly  reinforced 
concrete  specimen  where  a  state  of  global  uni¬ 
axial  stress  Is  applied  In  the  steel  direction. 
Figure  2.  For  small  deformations,  the  theory 
developed  In  Reference  [1]  which  is  valid  for 
multlaxlal  stress  states  and  large  deformations, 
reduces  to  the  elementary  relations: 
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In  the  above,  a  «  1,  2  refe.'  to  steel,  concrete, 
respectively;  Ufa,1  Nf?'  denote  axial  dis¬ 
placement  and  axial  stress  (averages),  respec¬ 
tively;  Ea*  and  Km,  ere  tangent  moduli; 
n««)  denotes  volume  fraction  of  material  a; 
and  (  ),i  a  i(  )/ixj,  (’)  =  »(  )/at  where  t 
represents  time. 
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Figure  2.  Global  uniaxial  loading. 

Relation's  (1)  are  the  equilibrium 
equations  for  each  material;  the  latter  Interact 
via  the  Interaction  body  force  Pi  which 
reflects  Interface  shear  transfer  between  the 
concrete  and  steel.  Equation  (3)  shows  that 
this  interaction  term  depends  upon  the  relative 
displacement  history.  Equations  (2)  represent 
tne  global  constitutive  relations  for  each 
material . 


For  the  elastic  response  regime,  the 
tangent  moduli  are  determined,  through  a  mlcro- 
nechanlcal  analysis,  to  have  the  form: 
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where  x*°>),  yl")  denote  Lamf  constants  of 
material  a.  Equation  (5)  Implies  that  no  slip 
occurs  between  steel  and  concrete. 


When  steel -concrete  slip  occurs.  Equation 
(5)  must  be  generalized.  For  monotonic  global 
deformation,  a  simple  elastic-perfectly  plastic 
model  is  sufficient.  For  hysteretlc  deforma¬ 
tion,  detailed  studies  [21  of  steel -concrete 
pull-out  specimens  have  guided  the  construction 
of  ar>  elementary  bond-slip  model  which  Is 
depicted  In  terms  of  the  Interaction  term  Pi 
In  Figure  3.  For  a  wide  range  of  concretes, 
the  following  selection  of  parameters  Is  appro¬ 
priate;  Ppr  »  2Vn'r'(ont)cr/i,  -  Pq  •  Pr  . 

0.8  °cr,  Pj j  -  0.2  P£r,  Pqe*  -PgH  “  0,:l  per* 

The  model  shown  In  Figure  3  Is  easily  placed  In 
analytical  Incremental  form.  The  description 
Involves  two  parameters,  K  as  defined  by  (5)  and 
(orx)cr  which  represents  a  critical  steel- 
concrete  Interface  snear  stress. 


Global  Inelastic  material  behavior  can, 
within  the  context  of  the  problem  under 
consideration,  take  place  via  cracking  of  the 
concrete  or  yielding  of  the  rebar.  Typical 
global  tangent  moduli  for  these  phenomena  are 
shown  In  Figure  4. 
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Figure  3.  Bond-slip  model. 


(<)  Cowrote  (b)  Stall 

Figure  4.  Behavior  of  constituents  for 
monotonic  extension  example. 


Consider  now  monotonic  extension.  For  tills 
case,  an  analytical  solution  oF~tfie  foregoing 
model  has  been  obtained  [3J.  with  reference  to 
Figure  5;  the  analysis  reduces  to  the  con¬ 
sideration  of  a  typical  "cell".  Figure  5(a)  is 
the  starting  condition;  in  Figure  b(b)  the 
concrete  has  reached  the  tensile  strength;  the 
crack  location  is  flaw-dominated  and  for  con¬ 


venience  is  placed  at  the  specimen  center; 
thereafter  the  theory  predicts  the  appropriate 
crack  location  as  deformation  increases.  Figures 
5{b)-5(d).  The  mathematical  boundary  conditions 
and  cracking  sequence  are  shown  in  Figures 
5(e)-5(h).  Figure  6  shows  the  various  response 
stages  predicted  theoretically;  these  consist  of 
elastic  response  with  no  cracking,  debonding,  or 
slip  (1),  progressive  cracking  with  debonding 
and  slip  (11),  and  slip  only  (111).  Figure  7 
shows  a  typical  comparison  between  theory  and 
experiment  (scaled  specimens,  Gomoyajl  [4]). 
Agreement  Is  observed  to  be  good  (stress  drops 
were  not  clearly  observed  since  the  tests  were 
conducted  under  load-control).  The  quantities 
(ee)’rr,  (oe)*cr,  Ew  in  Figures  6  and 
7  denote  average  strain,  stress  at  first 
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Figure  5.  Cricking  sequence  assumed. 
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Figure  6.  Stages  of  response  predicted 
theoretical  1; . 
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Tigure  7.  Comparison  of  test  and  simulation: 

tens'on  specimen  B3  from  Somayaji  [4]. 


A  wore  critics)  test  of  the  •ode)  concerns 
hysteretic  deformation.  A  comparison  cf  cyclic 
tens!  an -compression  test  data  by  Hejiaitr,  et 
aK  [5]  on  full-scale  reinforced  concrete-type 
specimens  and  simulated  test  data  Is  Illustrated 
In  Figure  P  for  test  panel  Mo.  87.  Shown  here 
Is  the  entire  load-unload-reload  history  of  the 
specimen  as  gi«eii  by  the  experiment  (Figure 
3(a))  and  as  given  by  the  staulation  (Figure 
3(b)).  In  Figure  9,  the  envelop  of  the  experi¬ 
mental  data  has  been  superposed  on  the  simulated 
data  to  Illustrate  model  accuracy.  The  agree¬ 
ment  Is  generally  excellent.  Figure  10  gives  a 
closer  look  at  the  experimental  and  simulated 
response  for  the  first  and  second  cycles  of 
Figure  8.  The  overall  agreement  is  good 

although  the  experimental  data  indicates  crack 
closure  (1.e.„  steepening  of  the  stress-strain 
curve)  at  larger  strains  than  does  the  simu¬ 
lation.  Possibly  this  difference  is  du  to  a 

mismatch  of  the  asperities  of  the  actual  crack 
surfaces  during  reloading  in  compression. 
Hysteresis  damping  Is  apparent  in  the  simulated 
response  as  well  as  the  test  data.  The  extent 
of  this  damping  In  both  cases  Is  clearly  shown 
in  Figure  11  In  the  reproduction  of  the  third, 
fourth  and  fifth  deformation  cycles.  Although 

the  shapes  of  the  hysteresis  loops  are  not 
identical,  the  enclosed  areas,  which  are 
measure  of  the  damping,  are  similar.  Finally, 
the  tangent  stiffness  degradation  as  a  result  of 
progressive  damage  was  determined  by  measuring 
the  average  slope  of  the  umoad-reload  curves. 
Excellent  agreement  between  theory  and  experi¬ 
ment  for  the  tangent  stiffness  degradation  is 
shown  in  Figure  12. 


Figure  8.  Comparison  of  test  and  simulation. 


Figure  10.  Comparison  of  test  and  simulation: 

a  -e„  curves  for  first  two  cycles, 
e  e 


Figure  11.  Comparison  of  test  and  simulation: 

Of,-ee  curves  for  third,  fourth  and 
fifth  cycles. 


Figure  12.  Comparison  cf  test  and  simulation: 

tangent  stiffness  degradation  due  to 
cracking  and  debonding. 


STEEL -CONCRETE  DOWEL  PROBLEM 

The  dowel  problem  concerns  the  manner  in 
which  shear  forces  are  tranferred  across  cracks 
in  reinforced  concrete.  Three  distinct  modes  of 
shear  transfer  exist  at  a  crack:  (1)  Interface 
shear  transfer  (1ST)  on  the  rough  surfaces  of 


Figure  9.  Comparison  of  test  and  simulation. 


the  crack;  (2)  dowel  action  (DA)  In  the  rein¬ 
forcement  crossing  the  crack;  and  (3)  components 
of  axial  forces  in  the  reinforcing  bars  inclined 
to  the  crack  direction.  1ST  Includes  the  effec¬ 
tive  frictional  and  bearing  forces  generated  at 
a  slightly  open  crack  as  the  protruding 
particles  on  each  side  of  the  cracked  surface 
come  into  contact.  DA  Is  induced  by  the  shear 
and  bending  deformations  experienced  by  the 
reinforcement  when  shear  displacements  are 
applied  to  the  crack.  Where  the  dowel  trans¬ 
verse  displacements  become  sufficiently  large, 
axial  forces  in  the  rebars  crossing  the  crack 
contribute  to  effective  shear  resistance.  The 
example  to  follow  focuses  upon  a  single 
preexisting  crack  in  the  absence  of  1ST  with 
rebar  initially  normal  to  the  crack  surface. 


The  dowel  problem  Is  illustrated  in  Figure 
13.  Of  interest  here  is  the  prediction  of  the 
global  shear  force  or  stress  across  the  crack 
plane  for  c  prescribed  relative  displacement  of 
the  concrete.  To  eliminate  1ST,  it  will  be 
assumed  that  the  crack  surface  is  smooth  and 
lubricated;  thus  the  contact  shear  stress 
between  concrete  segments  Is  assumed  to  be 
negligible.  Um.'er  this  condition,  together  with 
the  assumed  prescription  of  the  average  global 
concrete  displacements,  the  theory  developed  In 
Reference  [l|  reduces  to 
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where  [lijj  =  [ll/2*  -  ll/1*],  d^l>  Is  the 
diameter  of  the  rebar,  and  A  represents  a  cer¬ 
tain  ‘cell*  area.  In  the  above,  nUp)  Is 
the  partial  stress  associated  with  the  steel, 
P<  Is  an  interaction  body  force  In  the  1th 
direction,  and  h{|P'  is  a  weighted  stress 
average,  i.e.,  a  moment.  Equations  (6)  to  (8) 
are  equilibrium  relations  while  (9)  to  (11)  are 
constitutive  equations.  An  assumption  of 
moderate  rotations  of  the  steel  Is  implicit  In 


these  relations.  Based  In  part  on  alcruaech- 
anical  considerations,  the  models  shown  In 
Figures  3  and  14  were  utilized  to  represent  the 
Interaction  relations  (12)  and  (13).  The 
boundary  conditions  of  the  problem  depicted  In 
Figure  12  correspond  to 

U(1>  -  U(Z>  -  njjp)  -  0  at  Xj  -  0  (14) 

“l|lpl  *  l*12P)  *  M11P)  *  0  at  ■  <l5> 


Figure  14.  Interaction  term  P?  for  dowel  problem. 


With  use  of  the  above  model,  a  simulation  of 
the  mono  ten  ic  dowel  tests  by  Pauley  et  al.  [6] 
was  performed.  The  test  specimen  and  setup  are 
Illustrated  In  Figures  15  and  15;  wax  was  used 
to  lubricate  the  joint  surface.  A  comparison  of 
theoretical  and  experimental  results  are  shown 
In  Figure  15  for  three  different  steel  volume 
fractions.  Agreement  is  observed  to  be  good. 
The  "shear  stress"  In  Figure  17  Is  based  on  the 
specimen  area. 

A  more  critical  test  of  the  model  simulation 
capability  It  represented  by  the  cyclic  experi¬ 
ments  of  Jimenez,  et  el.  [7).  The  specimen  end 
test  setup  are  ilTusfrited  in  Figure  18.  Thin 
brass  sheets  were  used  to  lubricate  the  joint 
surface.  A  typical  simulation  versus  experiment 
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Figure  IS.  Details  of  test  specimens,  Paul  ay, 
et  al .  [6]. 


Figure  16.  The  test  set  up,  Paulay,  et  a  1.  [6]. 


Is  shown  In  Figure  19.  The  agreement  Is 
observed  to  he  good  considering  the  complexity 
of  the  response. 


Figure  19.  Load-slip  relation  for  the  dowel  test 
by  Jimenez,  et  aK  [7]. 


CONCLUSION 

An  advanced  nonlinear  model  for  reinforced 
concrete  has  been  developed  for  dense  unidirec¬ 
tional  steel  layouts.  The  description  takes  the 
fore  of  a  binary  mixture  of  concrete  and  steel. 
Validation  tests  performed  to-date  indicate  that 
the  model  correctly  simulates  progressive 
concrete  cracking,  steel -concrete  bond  degrada¬ 
tion  and  slip,  and  steel -concrete  dowel  action. 
Current  efforts  are  focused  upon  extensions  to 
include  more  general  steel  layouts  and  inclusion 
of  a  more  accurate  plain  concrete  model. 
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ABSTRACT 

Stroke-controlled  post-peak  experiments  on 
cylindrical  mortar  and  concrete  specimens  will  be 
utilized  to  develop  a  continuum  based  model  for 
localized  strength  degradation  in  cementitious 
materials.  The  resulting  composite  fracture 
formulation  Is  based  on  the  postulate  that  the 
fracture  energy  release  rate  Gf  “  const,  which 
Is  Implemented  Into  a  non-assodated  plasticity 
formulation  with  equivalent  strain-softening 
properties.  The  non-local  character  of  the  size 
dependent  constitutive  relation  will  be  verified 
with  finite  element  convergence  studies  of 
different  post-critical  experiments. 


INTRODUCTION 

The  response  behavior  of  cementitious  materi¬ 
als  can  bo  broadly  classified  Into  three  regimes, 

(I)  cleavage  In  the  form  of  mode  I  type  cracking, 

(II)  decohesion  in  the  form  of  mode  II  type  fric¬ 
tional  clip,  and  (ill)  compactlve  hardening  due  to 
pore  collapse.  The  first  type  prevails  In  tension 
and  leads  to  a  predominantly  brittle  appearance  of 
the  load-deformation  characteristics  shown  in 
Fig.  1  for  the  direct  tension  test  of  a  cylind¬ 
rical  NX-slze  mortar  specimen  [1].  The  second 
type  exhibits  In  contrast  far  more  ductile  behav¬ 
ior  with  a  softening  post-peak  regime  which  dimin¬ 
ishes  with  Increasing  confinement.  Figure  2  Illu¬ 
strates  the  hardening  and  softening  behavior  of  a 
cylindrical  NX-slze  concrete  specimen  which  failed 
under  increasing  axial  compression  at  constant 
confining  pressure  [2].  In  contradistinction  to 
the  first  two  cases  the  third  type  does  not  exhi¬ 
bit  any  softening  response  whatsoever  for  highly 
confined  compressive  loading  paths.  In  fact  the 
volumetric  response  behavior  of  a  cementitious 
material  exhibits  the  typical  compactlve  behavior 
of  porous  matter  (3)  when  subjected  to  hydrostatic 
loading  lit  compression. 

Clearly,  the  safety  of  unconflned  cementi¬ 
tious  structures  depends  to  a  large  extent  on  the 
ductility  and  thus  on  the  underlying  post-peak 
response  characteristics.  The  principal  thrust  of 
this  Investigation  Is  therefore  directed  towards 
the  softening  post-peak  behavior  and  the 
transition  from  brittle  cracking  to  ductile  shear 
slip.  Unfortunately,  there  are  several  problems 


that  complicate  the  Identification  and  the  formu¬ 
lation  of  "proper”  strain-softening  properties: 

-  Trlaxlal  post-peak  experlements  are  extremely 
difficult  to  perform  requiring  sophisticated 
servo-control  and  sufficiently  stiff  test 
apparatus; 

-  The  post-peak  response  Is  really  a  structural 
characteristic  associated  with  particular 
specimen  geometries  and  boundary  conditions  from 
which  generic  fracture  properties  are  to  be 
extracted,  e.g.  via  Inverse  identification; 

-  The  computational  difficulties  of  post-critical 
response  studies  are  compounded  by  the  lack  of 
normality  and  the  progressive  localization  of 
local  material  Instabilities  Into  a  structural 
failure  mode. 

In  view  of  the  overall  objective  of  computa¬ 
tional  models  for  the  failure  analysis  of  complex 
three-dimensional  structures  we  will  pursue  a  trl¬ 
axlal  fracture  formulation  based  on  a  continuum 
approach.  To  this  end  we  will  resort  to  the  basic 
postulate  of  a  constant  fracture  energy  release 
rate  such  that  the  work  expended  to  generate  a 
fracture  surface  per  unit  area  will  remain  cons¬ 
tant,  Gf  ■  const.  The  equivalent  strain-soften¬ 
ing  model  will  be  set  within  the  framework  of 
non-assoclated  plasticity  which  leads  to  a  non¬ 
local  constitutive  format  in  which  the  governing 
stress-strain  law  depends  on  the  mesh  size.  Since 
the  main  focus  concentrates  on  the  post-peak 
behavior,  hardening  In  the  pre-peak  regime  will  be 
neglected  In  favor  of  predictive  studies  of 
different  post-peak  models  for  tensile  cracking 
and  frictional  slip. 

Although  substantial  experimental  evidence  on 
post-peak  behavior  has  been  assembled  for  soils 
and  rocks,  there  are  very  few  test  data  available 
for  cementitious  materials.  In  fact  most  of  the 
experimental  reaultn  on  mortar  and  concrete  have 
been  obtained  within  the  scope  of  fracture  mechan¬ 
ics  studies  on  notched  specimens.  Only  very  rec¬ 
ently  have  limited  post-peak  data  been  secured  by 
van  Mler  [4],  Mazers  [5]  and  Hurlbut  [2]  on  un¬ 
notched  samples  which  can  be  used  for  continuum- 
based  foneilatlona  of  trlaxlal  fracture.  Figure  4 
shows  a  conceptual  plot  of  the  trlaxlal  failure 
surface  In  the  Rendullc  stress  plane  In  which  the 
residual  post-peak  strength  values  are  Inserted  In 
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order  to  delineate  the  zones  of  tensile  cracking 
and  frictional  alip.  While  fracture  along  the 
compressive  meridian  can  be  loosely  related  to 
tensile  attaining  In  two  directions  with  associa¬ 
ted  distributed  cleavage  along  orthogonal  surfaces 
fracture  along  the  tensile  aerldlan  la  accoapanled 
by  tensile  straining  In  a  single  direction  that 
exhibits  highly  localized  cracking  along  a  single 
fracture  plane,  this  broad  classification  Is 
complicated  by  node  II  type-fracture  In  compres¬ 
sion  which  leads  in  our  terminology  to  the  forma¬ 
tion  of  localized  shear  bands.  In  brittle  mater¬ 
ials  this  phenomenon  Is  normally  attributed  to  the 
coalescence  of  distributed  Initial  tensile  crack 
feathers  which  ultimately  lead  to  continuous  faul¬ 
ting.  In  the  case  of  cementitious  materials  there 
Is  considerable  controversy  about  the  fundamental 
aspects  of  shear  banding  because  of  the  complexi¬ 
ties  of  matrix-aggregate  Interaction  on  the  meso- 
mechanlcal  level.  In  this  context  the  distributed 
damage  formulation  of  Interacting  continua  by 
Ortiz  [6]  should  provide  further  insight  Into  the 
underlying  fracture  mechanisms  within  the  matrix- 
aggregate  composite. 

In  this  paper  we  will  focus  on  the  fracture 
mechanics  Interpretation  of  softening  in  the  dir¬ 
ect  tension  and  the  trlaxlal  compression  tests  In 
terms  of  the  fracture  energy  release  rate  con¬ 
cert.  To  this  end  we  will  incorporate  this  frac¬ 
ture  postulate  Into  an  equivalent  non-assodated 
elastic-plastic  strain-softening  formulation  which 
leads  to  a  non-local  size-dependent  format  of  the 
resulting  stress  -strain  law.  In  this  sense  the 
current  composite  fracture  model  bears  similari¬ 
ties  to  the  recent  strain-softening  proposal  by 
Bazant  and  Belytschko  { 7 ]  who  resorted  to  non¬ 
local  continuum  theories. 
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Generalization  of  the  uniaxial  relationship  to 
three  dimensions  Involves  the  elementary  volume  V 
defined  by  the  determinant  of  the  Jacobian  In  a 
finite  element  environment.  This  spherical 
Interpretation  of  the  fracture  geometry  leads 
directly  to  the  scalar  relationship  developed 
previously  by  the  authors  [8]  which  does  not 
account  for  the  directionality  of  oriented 
microcracking. 


Since  the  orientation  of  the  crackband  is 
defined  by  the  direction  of  the  principal  stresses 
it  Is  simply  a  question  of  refinement  to  account 
for  the  particular  geometry  of  the  elementary 
volume  at  a  pivot  point  of  the  numerical 
Integration  scheme.  The  metric  tensor  of  the 
Jacobian  provides  the  necessary  information  to 
define  the  fracture  surface  area  and  the 
range  of  debonding  b  within  the  elementary  volume 
V.  For  the  cane  of  two-dimensional  rectangular 
elements  the  geometric  quantities  have  been 
previously  detailed  by  the  authors  In  (1].  Figure 
4  Illustrates  the  composite  fracture  model  for 
tensile  cracking  of  the  rectangular  elementary 
volume  V  ■  aht.  This  leads  to  the  following 
generalization  of  the  equivalent  tensile  softening 
modulus  in  Eq.  2 
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COMPOSITE  CRACK  MODE- 

The  proposed  formulation  is  best  understood 
In  terms  of  the  uniaxial  tension  test.  To  this 
er.d  we  consider  an  elementary  volume  V  composed  of 
an  elastic  zone  Ve  and  a  localized  crack  bard  of 
width  2dt  and  area  A^  ”  htt  oriented  normal  to 
the  direction  of  major  principal  stress.  In  the 
simple  case  of  a  linear  degradation  of  the  tensile 
strength  the  fracture  energy  release  rate 
for  cracking  the  cross-sectional  area  A  results  In 


where  the  characteristic  length  (t  defines  the 
range  of  Interacting  bond  forces  partaking  In  the 
separation  of  the  specimen  Into  two  competent 
parts.  Let.  ue  now  consider  the  equivalent  contin¬ 
uum  element  in  wich  the  localized  crack  band  ie 
homogenized  uniformly  over  the  height  b  of  the 
composite  element  V  ■  bAt .  Equating  the  energy 
release  In  the  crack  band  of  the  composite  element 
with  the  energy  dissipation  characteristics  of  the 
equivalent  continuum  element  the  following  elemen¬ 
tary  expression  la  obtained  for  the  tensile  soft¬ 
ening  modulus  of  the  homogenized  composite  element 


This  expression  clearly  demonstrates  that  the 
softening  modulus  of  the  equivalent  continuum  ele¬ 
ment  depends  not  only  on  the  fracture  energy  but 
also  on  the  geometry  of  the  elementary  volume.  In 
other  words.  Eg  varies  with  the  mesh  size  of  the 
particular  finite  element  lay-out  if  the  fracture 
energy  release  rate  Gf  remains  constant.  As  a 
result,  the  composite  fracture  model  leads  to  a 
non-local  format  of  the  equivalent  strain-soften¬ 
ing  formulation  which  Is  fundamentally  different 
from  traditional  strain-softening  plasticity  and 
plastic  fracturing  theories. 

Note  that  the  composite  fracture  formulation 
reduces  to  the  fictitious  crack  model  of 
Hillerborg  et  al  [9]  when  *  displacement  discon¬ 
tinuity  is  introduced  along  the  fracture  band 
which  separates  the  elementary  volume  into  two 
intact  elastic  portions  Interconnected  by  a  degra¬ 
ding  interface  conditio'.  The  homogenization 
procedure  above  monitors  the  fracture  energy  rel¬ 
ease  rate  hy  equivalent  strein-eof tenlng  of  the 
continuum  element.  Contrary  to  the  previous  blunt 
crack  model  of  Bazant  et  al  [10]  the  mesh  lay-out 
is  in  our  case  independent  of  the  orientation  end 
the  width  of  the  crack  band  2dt  providing  full 
flexibility  of  the  finite  element  Idealization 
irrespective  of  the  particular  crack  orientation. 
Therefore  the  composite  fracture  model  results  In 
s  spatial  mesh  description  of  fracture  In  contra- 
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distinction  to  the  material  description  of  discon¬ 
tinuous  macrodefects  within  the  discrete  fracture 
approach.  In  our  case  tensile  cracking  la  entire¬ 
ly  defined  by  two  fracture  parameters,  the  tensile 
strength  of  and  the  critical  fracture  energy 
release  race  Gf ,  In  fact  there  Is  no  need  to 
speculate  on  the  width  2d^  or  the  unknown  soft¬ 
ening  properties  Ef  of  the  localized  crack  band. 


tension  specimen  has  separated  Into  two  competent 
parts.  Therefore  global  softening  at  the 
structural  level  Involves  localization  of  a  single 
crackband  which  cannot  be  translated  into  local 
strain-softening  properties  relating  point 
measures  of  stress  and  strain. 

COMPOSITE  SUP  MODEL 


Examination  of  the  denominator  in  Eq,  2  leads 
to  two  important  observations.  There  Is  no  res¬ 
triction  on  the  minimum  mesh  size,  l.e.  any  non¬ 
zero  value  of  the  element  size  can  be  adopted  as 
long  as  the  following  condition  is  satisfied 

2g}  E 

0  <  b.  <  —E - 2t  (4) 

1  V  £ 

Equation  4  infers  on  the  other  hand  that  there  is 
a  restriction  on  the  maximum  mesh  size,  l.e.  the 
height  of  the  elementary  volume  bf  must  remain 
smaller  than  two  times  the  characteristic  length 
partaking  in  the  formation  of  the  crack 
band.  Figure  5  illustrates  the  equivalent  strain¬ 
softening  behavior  for  three  Idealizations  of  the 
uniaxial  tension  specimen  with  mesh  lay-outs  of 
constant  cross-section  and  different  heights.  The 
plots  clearly  demonstrate  the  decrease  of  ductiLl- 
ty  with  Increasing  mesh  height  necessary  in  order 
to  maintain  constant  fracture  energy  release 
rates.  For  mesh  heights  bf  >  2tt  we  observe 
the  dynamic  "snap  back"  condition  [11]  which  re¬ 
sults  in  Instabilities  of  the  underlying  strain 
driven  computational  strategy.  For  this  reason  it 
Is  recommended  to  resort  to  mesh  lay-outs  which 
satisfy  the  mesh  size  restriction  in  Eq  .  4.  Here 
we  note  that  the  equivalent  reduction  of  the  frac¬ 
ture  strength  <jf  can  not  be  adopted  in  general 
without  undue  alteration  of  initiation  and  propa¬ 
gation  of  the  fracture  process. 

The  predictive  value  of  the  composite  frac¬ 
ture  model  is  illustrated  in  Fig.  6  with  the  re¬ 
sults  of  a  finite  element  convergence  study  of  the 
direct  tension  test  shown  in  Fig.  1.  We  observe 
little  disagreement  between  the  throe  mesh  lay¬ 
outs  of  the  cylindrical  mortar  specimen  in  spite 
of  the  severe  strain  localization  during  the 
formation  of  a  tensile  crack  band  through  the 
cross-section.  In  fact,  the  results  of  the  rec¬ 
tangular  4x2  roesh  correspond  closely  to  those  of 
the  square  2x4  and  4x8  idealizations  in  which 
the  softening  modulus  is  adjusted  according  to 
Eq.  3  in  order  to  enforce  the  fracture  energy 
release  rate  Cf  »  44  N/m.  In  contrast  the  con¬ 
stant  softening  moduLus  formulation  Eg  ■  0.82  E 
leads  to  poet-critical  response  predictions  which 
are  perfectly  brittle  [1].  Consistent  mesh-rein¬ 
forcement  of  the  direct  tension  test  results  in  an 
excessive  decrease  of  ductility  because  each  ele¬ 
ment  subdivision  contains  the  fracture  energy 
release  rate  of  the  entire  specimen.  Therefore, 
we  cannot  extract  softening  properties  from  a 
direct  tension  test  with  a  single  crack  band  which 
are  expected  to  hold  locally  at  every  point  of  the 
specimen.  In  fact  post-mortem  inspection  of  the 
cracked  specimen  clearly  illustrates  that  the 


The  proposed  fraett re  model  la  readily  exten¬ 
ded  to  Include  mode  II  type  frictional  slip.  In 
this  case  the  elementary  volume  Is  composed  of  the 
undamaged  elastic  region  Ve  and  the  localized 
shear  band  of  width  2ds  with  the  surface  area 
Aa  ~  h8t.  Adopting  the  Mohr-Coulomb  condition 
for  frictional  slip,  the  shear  band  is  oriented  at 
the  angle  9  *  $/2  +  x/4  with  regard  to  the  major 
axis  of  principal  stress.  Figure  7  depicts  the 
basic  lay-out  of  the  composite  slip  element  for  a 
rectangular  geometry  of  the  elementary  volume. 

For  linear  softening  of  the  shear  strength  at  peak 
t_  to  the  residual  strength  level  rr,  the 
ffacture  energy  release  rate  for  advancing  the 
shear  band  by  the  surface  area  Ag  is 
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where  the  characteristic  length  iB  defines  the 
range  of  the  decoheslve  force  during  the  formation 
of  the  shear  band.  Equating  the  energy  dissipa¬ 
tion  characteristics  of  the  composite  slip  element 
with  that  of  the  homogenized  continuum  element  the 
equivalent  shear-softening  modulus  is  analogous  to 
Eq.  3 
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The  shear  softening  modulus  of  the  equivalent 
continuum  element  exhibits  again  a  pronounced  size 
effect  because  of  its  dependence  on  the  geometric 
parameters  ab  and  h8  of  the  elementary  volume. 

In  other  words,  Gs  has  to  be  adjusted  to  the 
particular  finite  element  configuration  under  con¬ 
sideration  in  order  to  enforce  a  fracture  energy 
release  rate  which  remains  invsrlant  during  the 
formation  of  shear  bands  within  the  stationary 
mesh  lay-out.  As  a  result  the  underlying  fracture 
mechanics  concept  leads  to  a  non-local  format  of; 
the  equivalent  softening  relations  which  differs 
fundamentally  from  the  local  constitutive  theories 
of  strain-softening  plasticity  and  progressive 
fracture. 


For  the  verification  of  the  composite  slip 
model  let  us  consider  the  post-critical  response 
behavior  of  the  trlaxlal  co-^ression  test  reported 
previously  for  NX-slze  mortar  specimens  [1).  To 
this  end  let  us  compare  the  predictions  of  the 
constant  fracture  energy  release  formulation  above 
with  that  of  the  smeared  strain-softening  approach 
in  which  Gs  is  assumed  to  be  a  mesh  size 
independent  property  of  distributed  fracture  Gg 
-  0.05  G.  Figure  8  illustrates  the  computational 
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results  of  the  non-associated  Mohr-Coulomb  formu¬ 
lation  In  which  a  plastic  potential  corresponding 
to  the  maximum  strain  condition  has  been  used  to 
account  for  splitting  tensile  failure.  Previous 
convergence  studies  have  Indicated  that  both  post- 
critical  response  predictions  ere  virtually  Inde¬ 
pendent  of  the  particular  meah  lay-out.  Similar 
to  the  results  of  the  direct  tension  study  the 
constant  softening  approach  furnishes  predictions 
that  are  far  too  brittle.  On  the  other  hand  the 
results  of  the  constant  fracture  energy  release 
rate  approach  are  on  tne  ductile  side. 

The  corresponding  post-peak  results  ara  shown 
In  Fig.  9  which  illustrates  the  defoliation  and 
distribution  of  principal  stresses  and  strains 
within  the  cylindrical  specimen.  We  observe  the 
formation  of  two  elastic  cones  near  the  frictional 
end  platens  and  the  localization  of  conical  shear 
faulting  throughout  the  specimen  because  of  the 
axlsymmetrlc  Idealization.  A  close-up  indicates 
that  the  shear  band  consists  of  distributed  vert¬ 
ical  tensile  cracks  due  to  radial  splitting  which 
results  In  an  outward  aotlon  of  the  lateral  sur¬ 
face.  The  fracture  mode  agrees  with  the  accepted 
failure  behavior  of  trlaxial  compression  specimens 
when  subjected  to  low  confinement. 

In  conclusion  let  us  consider  the  underlying 
Issue  of  calibrating  the  critical  fracture  energy 
release  rate  Gf  for  the  formation  of  shear 
bands.  In  our  case  we  have  assuaed  that  failure 
of  the  cylindrical  NX-speclmen  takes  place  in  form 
of  a  single  shear  band  Inclined  at  the  slip  angle 
8  -  +/2  +  w/2  with  the  major  principal  stress. 
Therefore  the  surface  area  As  la  of  the  same 
order  of  nagnltude  as  the  cross-sac t tonal  area  In 
tension  A^.  This  leads  to  the  fracture  energy 
release  rate  Gf 1  -  2452  N/m  and  the  characteris¬ 
tic  length  for  decohesion  t8  ■  1.465m  became  of 
the  large  amount  of  strain  energy  stored  in  com¬ 
pression.  In  view  of  the  far  smaller  values  for 
mode  I  type  tensile  cracking,  Gf  ■  44  N/m  and 
-  0.12  m,  the  question  arises  If  Gf*  Is  an 
Independent  fracture  property  or  simply  the  result 
of  our  elementary  Interpretation  of  shear  fault¬ 
ing.  Clearly,  In  brittle  materials  shear  fracture 
Is  Initiated  by  distributed  tensile  cracking,  thus 
the  subsequent  formation  of  a  single  shear  band  1* 
the  result  of  coalescing  crack  feathers  along  an 
Inclined  slip  plane.  Because  of  the  limited  reso¬ 
lution  of  our  computational  tools  to  trace  each 
Individual  crack  It  Is  natural  to  luep  distributed 
mode  II  type  cracking  Into  the  faulting  concept  of 
an  Independent  fracture  energy  release  rate  for 
shear  banding. 

CONCLUDING  REMARKS 

The  composite  fracture  model  above  provides  a 
systematic  methodology  to  incorporate  fracture 
energy  concepts  for  the  formation  of  localized 
crack  and  shear  bands  In  the  straln-sof tenlng 
formulation  of  an  equivalent  continuum.  In 
contrast  to  the  updating  material  description  of 
single  macrodefects  within  the  discrete  fracture 
approach, progressive  fracturing  Is  la  this  case 
accounted  for  by  an  equivalent  non-local  constitu¬ 


tive  relation  within  a  spatial  description  of  the 
domain.  The  equivalent  strain  softening  model 
Involves  ttie  fracture  energy  release  rates  as  well 
•a  the  particular  finite  element  geometry. 
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ABSTRACT 

A  constitutive  formalism  for  geological 
materials  has  been  tested  by  use  of  an  elliptical 
and  a  lemniscate  yield  surface  which  include  pore- 
related  strai n-hardeni ng.  We  present  a  procedure 
for  determining  material  coefficients  through 
mechanistic  modelling.  The  models  have  been  used 
in  numerical  calculations  for  spherical  blast  wave 
propagation  with  an  aim  to  study  the  stress-strain 
paths  experienced  by  material  elements. 


CONSTITUTIVE  MODEL 

The  following  is  a  summary  of  Swegle's  model 
with  an  emphasis  on  the  stress-strain  relation¬ 
ship.  Stress  components  o^.  are  determined  by 
those  of  the  solid  component  and  the  solid  volume 


fraction  a. 

°1j  "  "P5ij  +  S1j 

(1) 

P  =  aPs  -  «f(Vs,E) 

(2) 

INTRODUCTION 

Continuum  plasticity  theory  has  long  been 
used  for  modelling  the  mechanical  behaviors  of 
geological  materials  such  as  soils  and  rocks. 

Many  of  recent  models  [1,2]  Involve  a  complex 
combination  of  multiplastic  potential  surfaces 
and  a  non-associated  flow  rule.  However,  as  the 
complexity  of  these  models  increases,  so  does  the 
difficulty  of  determining  *-heir  material 
parameters.  For  example,  a  recent  model  [3]  for 
sand  contained  twenty  adjustable  parameters. 

Hence,  the  determination  of  parameters,  such  as 
the  yield  surface  and  the  plastic  potential  as 
well  as  elastic  moduli,  is  rarely  complete  when 
various  paths  in  stress  space  are  involved. 

Recently,  Sweyle  proposed  a  constitutive 
model  for  porous  materials  based  upon  the 
extension  of  the  P-<*  model  [4].  This  extension  is 
physically  motivated  and  is  simpler  in  the  deter¬ 
mination  of  the  material  parameters  than  many 
other  plasticity  models.  The  important  features 
of  this  model  are  (1)  that  the  overall  stress 
components  are  described  in  terms  of  the  stress  in 
solid  components  and  porosity,  and  (2)  the  plas¬ 
ticity  behavior  is  described  by  a  conventional 
closed  yield  surface  and  the  associated  hardening 
flow  rule.  We  used  this  model  tc  study  the  shock 
compaction  of  metal  and  ceramic  powders  and  found 
it  very  effective  [5],  This  paper  describes  a 
further  application  of  Swegle's  formalism  to  the 
blast  wave  loading  of  geological  materials  and  a 
mechanistic  procedure  for  simplifying  the  deter¬ 
mination  of  some  of  the  material  parameters 
involved  in  his  model . 


s1j  "  “S1js  <3> 

where  P  is  pressure,  a  »  V  /v,  the  subscript  "s" 
stands  for  the  solid,  V  the  specific  volume,  E  the 
Internal  energy  and  S1  .  devlatorlc  stress 
components. 

Strain  Increments  are  partitioned  in  terms  of 
volume  components. 

dEi js  *  <dVd9>dEij  <4> 

where  dO  *  dV/V  and  d8s  *  d Vs/V$. 

Elastic  response  is  formulated  by  use  of  the 
P-a  model  and  a  frame  Indifferent  isotropic 
Hooke's  law.  That  is. 


id“l  if  1 

Iwp-J  ”  K  '  2 

Y  elastic  *os  ir(«) 


l). 


(5) 


where 


h(a) 


lljl  .  i) 

0  so 


*so  “  solid  bulk  modulus  at  zero  pressure, 
C0.CS0  *  sound  velocities  at  zero  pressure, 

')S1js  *  2Gsd91js  *  hkSkj-“kjS1k'dt. 

where  G  is  the  shear  modulus  of  the  solid  compon¬ 
ent,  ana  are  the  components  of  the  rotation 
tensor,  ana  dty  are  tha  Increments  of  devlatorlc 
strain  tensor  defined  hy 


d«1j  ■  d£1j  *  <dfl/3>sij* 


(7) 
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If  Eq.  (4)  Is  used  for  the  partition  of  the  strain 
components.  It  can  oe  shown  that  Irrespective  of 
deformation  inodes, 

de1js  -  de1jCl+(da/«)(dV/V)-1].  (8) 

inelastic  state  of  the  material  Is  determined 
by  a  yield  function  g  such  that  the  material  Is 
behaving  plastically  If 

g  «  f(Jj,  a)  ■  0.  (9) 

and  elastically  If 

g  <  0, 

where 

J1  ”  °KK  "  *3P‘ 
and 

✓V  *  (1/2  S1jSlj)1/2.  (10) 

When  a  material  Is  plastic  according  to  Eq.  (9), 
the  Increment  of  strain  Is  defined  by 


+  (-^__jd^7+  (jj)d. 


ft/  J  r 


*  0. 

(16) 


(1/) 


Hence,  one  finds 


dx 


1  3/  1J2 

9K(|J-)2+G(-^)T’  ‘(18) 

1  3»’Jo' 


where 


2  'V 


(19) 


SELECTION  OF  MATERIAL  PARAMETERS 


dc1j  “  de1j  +  de1j*  (11) 

where  the  superscripts  describe  the  state  of  the 
material,  and  the  plastic  components  are 
prescribed  by  the  associated  normality  rule  given 
by 

dE1j  ‘  dx  *  U2) 

where  dx  Is  a  non-negative  scalar. 

An  expansion  of  Eq,  (12)  yields  the  Increments  of 
stress  components, 

dp--Kk-  -K(dekk-d£kk)  -dpe 

+  3KdA(|3-),  (13) 


dS1j  ‘  2Gde1j  "  2G<de1j'de?j)- 
S. 

■  «dx(-2i_) .  (14) 

/J2'  J/J2' 


where  K  and  G  are  the  elastic  moduli  of  the  medium 
as  a  whole,  and  dP®  and  dS?.  could  be  looked  upon 
as  Instantaneous  elastic  response  of  the  medium  as 
a  whole.  The  shear  modulus  can  be  simplified  by 
use  of  Eq.  (3). 


An  advantage  of  Swegle‘s  model  Is  that  the 
elastic  moduli  can  be  Independently  and  accurately 
determined  through  acoustic  sound  velocity  mea¬ 
surements.  Also,  they  are  easily  accessible  In 
standard  handbooks.  Hence  adjustable  parameters 
deal  only  with  yield  criteria. 

There  are  many  yield  criteria  Including  the 
well  known  Hohr-Coulomb  and  Drucker-Prager  models 
[21.  We  considered  two  representative  functions 
to  examine  the  process  of  material -parameter 
determination.  They  are  an  elliptical  and  a 
lemnlscate  function  [6]  given  In  Eqs.  (20)  and 
(21),  respectively. 

g  -  (P/P^o))2  +  (D/D^o))2  -  1  -  0,  (20) 

g  -  (P-k(a))2  +  D2  -  B2(a)  cos2n  (l/2e/*) 

■  0,  (21) 

where  0  »  (3J2')1^2,  P, ,  0^,  k,  and  B  are 
parametric  functions  oi  the  solid  volume  fraction 
a,  and  tane  ■  (3J2')l'z/(P-k(a)). 

These  selections  have  been  made  based  upon 
the  observations  that  they  describe  the  general 
features  of  yield  surfaces  which  are  observed 
experimentally  and  that  their  parameters  can  be 
understood  through  mechanistic  Interpretation  of 
flow  mechanisms.  For  example,  P,(a),  which  Is  the 
hydrostatic  Inelastic  compression  of  the  porous 
material,  can  bo  determined  by  a  spherical  pore- 
collapse  model  [7].  Then, 


G  •  «GsCl+(da/a) (dV/V )”^ ]  (15) 

The  yield  function  g  provides  an  additional 
Incremental  relation  for  the  scalar  parameter 
dx.  That  Is, 


pj(a)  •  j[(1-o,)'2b/3-13.  (23) 

where  Y  and  8  are  related  to  the  cohesion  C  and 
the  angle  •  of  shear  resistance  as  follows. 
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V  =  2Ccos*/(l-sin*)  and 

g  =  2sin*/(i-sin$).  (24) 

Similarly  D,(a)  can  be  estimated  by  model  calcu¬ 
lations  [3,9].  However,  the  lattar  is  not  yet 
well  developed  as  Pj(a).  Hence,  in  this  paper 
their  interdependence  is  expressed  by  a  polynomial 
function  Q(a)  [10]  such  that 

Y^c)  =  QWPjU)  =  OoU-a^P^a).  (26) 

Similar  interpretations  can  be  made  of  the 
parameters  i.i  the  lemniscate  function.  9  is 
related  to  the  friction  angle  of  the  material,  and 
the  functions  k(a)  and  R(a)  express  effective  work 
hardening.  We  made  the  following  identification 
of  these  functions. 


k(a)  =  k0  +  C0P1(a), 
3(a)  =  ?! ( a)  -  k(a) 1 


(26) 


where  P,  ( a)  is  given  by  Fq.  (23)  and  KQ  and  CQ  are 
constants. 


Table  1.  Material  Coefficients  for  Model 
Sandstone 


pso  =  1/Vso  =  2*7  9/cm3, 
r'Q  =  2.0  g/cm3,  <>0  ~  0.74 
Ks  =  25  GPa ,  G$  =  18  GPa, 

Ps  -  25(VS0/VS-1)  +  68(Vs0/Vs-l)2  GPa 
i  =  0.072  GPa,  8  =  4.0 

=  0.48  P1(P1  <  0.72  GPa) 

=  0.019  (l-“)*4  P^Pj  >  0.72  GPa) 
K0  =  0.01  GPa,  C0  =  0.1 
n  =  0.5 
♦  =  60° 


There  are  still  four  to  eight  parameters 
which  are  needed  for  describing  plastic  flow.  But 
a  significant  reduction  is  achieved  in  the  number 
of  truly  adjustable  parameters. 

SPFCIFIC  APPLICATIONS 

The  models  have  been  applied  to  Kayenta  sand¬ 
stone.  Table  1  summarizes  the  model  coefficients 
which  have  been  determined  based  upon  static  labo¬ 
ratory  data  shown  in  Fig.  1  during  uniaxial  strain 
loading  of  the  sandstone  [10],  No  attempt  has 
been  made  to  optimize  curve  fitting,  because  the 
coefficients  already  describe  Important  features 
of  the  stress  path  under  the  uniaxial  loading. 

The  purpose  of  this  exercise  is  to  Investigate  the 
loading  characteristics  of  such  model  materials 
during  spherical  blast  wave  loading. 

It  has  recently  been  recognized  that  standard 
hydrostatic,  uniaxial-strain,  and  triaxial  tests 
are  not  adequate  for  developing  accurate  constitu¬ 
tive  models  that  are  valid  for  the  stress-strain 
paths  experienced  by  material  elements  in  actual 
field  conditions  [11].  Therefore,  following 
Johnson's  idea  [11],  we  simulated  the  blast  wave 
loading  of  the  model  materials  through  finite  dif¬ 
ference  calculations  of  spherical  wave  propagation 
[12].  The  results  are  shown  in  Figs.  2  through  8. 

Figures  2  and  3  show  elastic  and  elastic- 
plastic  axial  stress  profiles  resulting  from  a 
pressure  wave, 

°a  "  PoexP(-at> 

applied  at  the  cavity  surface  of  radius  («R  )  of 
lm  In  an  Infinite  medium.  The  elastic-plastic 
solution  is  based  upon  the  lemniscate  yield  func¬ 
tion  (21),  and  did  not  develop  local  stress 
maxima.  The  development  of  local  maxima  is  appar¬ 
ently  controlled  not  only  by  the  blast  wave  decay 
constant  a,  but  also  by  pore-related  hardening. 


Fit- ires  4  through  7  show  the  stress-strain 
paths  generated  from  the  numerical  solution  for 
the  lemniscate  yi^In  criterion.  The  paths  depend 
sensitively  on  the  location  of  material  elements 
and  the  decay  constant.  As  is  expected  from  the 
shape  of  the  yield  surface,  the  qualitative 
feature  of  the  stress-strain  paths  are  similar  to 
those  found  f~r  the  Drucker-Prager  model  by 
Johnson  et  al .  [11].  At  R  =  1.5  R  and  R  »  2.0  RQ 
the  stress  paths  intersect  the  failure  surface 
during  loading  and  remain  in  contact  during 
unloading  for  certain  durations.  But  at 
R  «  3.0  R  ,  this  phenomenon  is  no  longer  observed, 
and  is  already  close  to  elastic  loading. 

Initially,  the  loading  is  approximately  uniaxial 
strain,  but  subsequent  paths  develop  considerable 
transverse  strain. 

Figure  8  shows  a  feature  of  the  stress-strai n 
path  for  the  elliptic  yield  surface  at  R  *  1.5  RQ. 
The  intersection  of  the  stress  path  with  the 
failure  surface  Is  significantly  different  from 
that  for  the  lemniscate  function.  However,  such  a 
difference  cannot  be  discerned  from  the  data 
during  uniaxial-strain  loading  shown  In  Fig.  1. 

These  resu’ts  illustrate  the  Importance  of 
determining,  as  accurately  as  possible,  the  in- 
situ  stress  history  due  to  blast-wave  loading. 
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Fig.  1.  Stress  path  during  uniaxial  loading  of 
Kayenta  sandstone,  a,  (=o  )  -  <M“Pc^ 
Load  L  In  the  trlaxlal  text  configu¬ 
ration.  o  Is  the  axial  stress  and  Pc 
the  confining  pressure. 


Fig.  2.  Stress  profiles  in  an  elastic  porous 
sandstone  from  a  1  GPa  pressure  pulse. 
l/a»l  msec,  a.  Is  the  axial  stress. 

<S 


Fig.  3.  Elastic-plastic  stress  profiles  from  a 
1  GPa  pressure  pulse.  l/a*l  msec.  The 
yield  surface  Is  given  by  a  lennl  scale 
function. 
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ABSTRACT 

An  endochronlc  plasticity  theory  for  plain 
concrete  Is  developed  which  Is  Intended  to 
describe  Its  nonlinear  behavior  over  the  stress 
range  where  significant  cracking  does  not 
occur.  The  model  Is  Isotropic,  rate-independent 
and  thermodynamically  sound.  It  exhibits  the 
major  features  of  concrete  behavior.  Including 
shear-volumetric  coupling,  effect  of  hydrostatic 
compression  on  shear  response,  hardening,  hys¬ 
teresis  and  stress-path  dependence.  The  theory 
Is  applied  to,  and  successfully  proof-tested 
against,  an  extensive  set  of  complex  multlaxlal 
plain  concrete  data  obtained  by  others  using  a 
true  trlaxlal  device. 


INTRODUCTION 

A  new  endochronlc  plasticity  theory  was 
developed  by  Valanls  in  1979  [1]  which  has  since 
been  applied  with  remarkable  success  to  various 
problems  In  metal  plasticity  [2,3]  and  geo¬ 
materials  [4].  The  theory  Is  founded  on  the 
concepts  of  Irreversible  thermodynamics  of 
Internal  variables  and  formulated  on  the 
hypothesis  that  the  current  state  of  stress  In  a 
material  is  a  linear  funcUonal  of  the  entire 
history  of  deformation,  with  the  history  defined 
with  respect  to  a  deformation  memory  scale, 
called  intrinsic  time,  which  Is  Itself  a 
property  of  the  material  at  hand.  Such  a  theory 
does  not  require  the  notion  of  yield  surface  nor 
the  specification  of  unloading-reloading 
criteria;  It  predicts  that  plastic  flow  will 
occur  from  the  onset  of  loading,  a  feature  which 
makes  the  theory  particularly  attractive  for 
describing  plain  concrete,  which  does  not 
exhibit  a  well-defined  yield  pclnt. 

The  purpose  of  this  paper  Is  to  describe 
recent  work  that  we  have  done  [S]  to  explore  the 
potential  offered  by  the  new  endochronlc 
plasticity  theory  for  describing  plain  concrete 
behavior,  with  particular  focus  on  the  extensive 
data  recently  reported  In  Reference  [6j.  An 
endochronlc  model  of  plain  concrete  Is  developed 
which  exhibits  the  major  features  of  concrete 
behavior  over  the  stress  range  where  significant 
cracking  does  not  occur.  The  model  has  been  fit 


to  a  small  subset  of  the  data  from  Reference 
[b],  and  then  exercised  around  a  variety  of 
complex  non-standard  stress  paths  also  Investi¬ 
gated  In  Reference  [6]  but  not  used  In  fitting 
the  model.  It  is  shown  that  the  model  can 
successfully  predict  the  nonlinear  behavior  of 
plain  concrete  under  these  complex  loading 
conditions. 

The  endochronlc  model  presented  here  differs 
In  a  fundamental  manner  from  previous  endo¬ 
chronlc  models  of  plain  concrete  developed  by 
others  [7-9]  on  the  bases  of  earlier  versions  of 
endochronlc  theory.  In  the  present  model, 
proper  closure  of  hysteresis  loops  Is  guaran¬ 
teed,  so  that  artifices,  such  as  the  Jump-kine¬ 
matic  hardening  Introduced  In  Reference  [9],  are 
not  required.  Also,  the  Instantaneous  response 
at  points  of  unloading  and  reloading  Is 
elastic.  Discussions  of  the  basic  Inelastic 
properties  of  the  new  endochronlc  theory  have 
been  given  recently  by  Trangen stein  and  Read 
[10]  and  Murakami  and  Read  [11], 

THEORY 

In  Reference  [5],  a  comprehensive  formula¬ 
tion  of  the  governing  equations  of  the  new 
endochronlc  plain  concrete  model,  starting  from 
the  concepts  of  the  irreversible  thermodynamics 
of  Internal  variables.  Is  given.  The  model 
portrays  the  major  features  of  nonlinear 
Inelastic  behavior  exhibited  by  plain  concrete 
at  stress  levels  where  significant  cracking  does 
not  occur;  this  Includes  shear- volumetric 
coupling,  effect  of  hydrostatic  compression  on 
shear  response,  hardening,  hysteresis  and 
stress-path  dependence.  In  that  which  follows, 
the  basic  equations  of  the  model  are  given 
without  derivation  and  the  interested  reader  Is 
referred  to  Reference  [5]  for  further  details. 
It  is  assumed  that  the  material  Is  Isotropic, 
rate- Independent  and  deforms  Isothermally.  In 
this  case,  the  governing  equations  for  the  new 
endochronlc  model  of  plain  concrete  are  as 
f ol 1 ows : 
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Mere  £  denotes  the  devlatorlc  stress  tensor,  a 
Is  the  hydrostatic  stress  (pressure),  jg,P 
represents  the  plastic  component  of  the 
deviatoric  strain  tensor  j ■,  while  tP  is  the 
plastic  conponent  of  the  volumetric  strain  c. 
Moreover,  m  and  K  are,  respectively,  the  shear 
and  bulk  moduli,  while  k  is  a  constant  which 
determines  the  magnitude  of  shear-volumetric 
coupling.  The  double  bars  surrounding  a  symbol 
denote  Its  norm,  while  single  bars  denote 
absolute  value.  Furthermore,  Fs  and  F^  are, 
respectively,  shear  and  hydrostatic  hardening 
functions  which.  In  the  present  model,  are  taken 
In  the  form: 

Fj  *  4  *  to  (7) 
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Integrals  In  Eqs.  (1)  and  (2)  Is  reducible  to  a 
system  of  coupled  linear  ordinary  differential 
equations;  this  greatly  simplifies  the 
computational  strategy  for  dealing  with  the 
model.  In  the  present  study.  It  was  found  that 
sufficient  accuracy  could  be  obtained  for 
present  purposes  by  taking  r  ■  2  In  Eqs.  (10) 
and  (11). 

MATERIAL  PARAMETERS  EVALUATION 

The  material  parameters  In  the  model 
described  above  were  evaluated  specifically  for 
the  plain  concrete  considered  In  Reference  [6], 
which  had  an  unconfined  compressive  strength 
(f'c)  of  3.65  ksl.  Due  to  limitations  on  text 
length,  the  details  of  the  procedures  used  to 
accomplish  this  will  not  be  given  here,  since 
they  can  be  found  In  Reference  [5].  In  general, 
this  was  accomplished  In  a  direct  fashion 
through  the  use  of  a  relatively  small  amount  of 
data  from  Reference  [6],  requiring  only  a  virgin 
hydrostatic  compression  curve,  data  on  the 
response  to  shear  under  several  different  fixed 
hydrostcilc  pressures,  and  trlaxlal  failure  data 
at  various  confining  pressures.  Also,  an 
examination  of  the  data  from  the  shear  tests  at 
several  fixed  hydrostatic  pressures  revealed 
that  the  Initial  unloading  slopes  In  the 
octahedral  shear  stress-octahedral  shear  strain 
space  exhibited  a  nearly  linear  Increase  with 
the  octahedral  shear  strain,  y0.  Accordingly, 
the  shear  modulus,  2m,  was  taken  to  depend  on 
t0  In  the  form: 

2m  «  2m0  ♦  m  t0  (12) 


where  4,  t  and  t  are  positive  constants.  In 
addition,  z  denotes  the  Intrinsic  time  scale, 
while  zs  and  zu  are,  respectively,  the 
Intrinsic  times  for  shear  and  hydrostatic 
behavior.  Finally,  p(z)  and  6(z)  are  weakly 
singular  kernel  functions  satisfying  the 
condition  p(0)  -  4(0)  >  <*>,  but  Integrable  In  the 
domain  0  <  z  <■».  The  weakly  singular  nature  of 
the  kerneT  functions  Is  a  crucial  feature  of  the 
model  for  two  reasons:  (1)  It  provides  for 
closure  of  hysteresis  loops  in  the  uniaxial  or 
shear  stress-strain  space,  however  small  they 
may  be,  and  (2)  It  ensures  that,  at  points  of 
unloading  or  reloading,  the  response  Is  always 
elastic.  The  specific  forms  of  the  kernel 
functions  found  to  be  appropriate  for  the 
present  model: 

p(z$)  -  X)  \*  °rZs  <10) 

4(zh)  -  Z  b/^  (11) 

where  the  constants  Ar,  Br,  ar  and  ar 
are  all  positive  and  finite.  With  such  forms. 
It  can  be  shown  [5]  that  each  of  the  hereditary 


On  this  basis,  the  following  values  of  the 
material  parameters  were  determined: 


K  «  2.1  x  103  ksl 
2m„  -  1.9  x  103  ksl 

4  -  0.33 

Aj  .  1.46  x  103  ksl 
Ag  -  19.0  x  103  ksl 

Bj  .  1.55  x  103  ksl 

B2  -  5.87  x  103  ksl 
k  •  1.5 


a  .  64.8 

m  .  1,04  x  106  ksl 
t  -  0.083  ksl’1 
■  100 
a2  -  6,554 
-  570 

•2  -  2,224 


Examples  of  the  extent  to  which  the  model  with 
the  above  parameters  describes  the  data  to  which 
It  was  fit  are  given  In  Figure  1.  Here,  o0 
and  denote,  respectively,  the  octahedral 
normal  and  octahedral  shear  stress,  while  ■« 
and  t0  are,  respectively  the  octahedral  normal 
and  octahedral  shear  strain. 


285 


*  m 

v>v 


(ksi) 


^  -  V*  -p.irTV.'  rjw ;  r  . 


0  1  2  3  4  5  6  7  8  ? 

cfl  *  103 

(a)  Pure  hydrostatic  compression. 


9  10  11  12 


(b)  Shear  at  fixed  hydrostatic  pressures  of 


o  »  4,  6  and  8  ksf. 
o 


A 

8  k$\t  J 


o  *  6  ksi/ 1/ 
0  i  J 

/  / 

in 

<  h 

I  i  \ 


10  12  M  16  18  70 


(c)  Shetr-yolunetrlc  coupling. 


Figure  1.  Capability  of  model  to  describe  the 
data  to  which  it  was  fit. 


MODEL  VALIDATION 

In  this  section,  the  capability  of  the  model 
described  above  to  predict  the  measured  behavior 
of  plain  concrete  around  stress  paths  that  dif¬ 
fer  greatly  from  those  used  In  fitting  the  model 
parameters  is  examined.  For  this  purpose,  a 
number  of  complex  stress  path  tests  conducted  in 
the  test  program  reported  in  Reference  [6]  is 
considered.  The  specific  test  cases  selected 
for  discussion  here  were  chosen  because  they 
reveal  a  variety  of  different  response  features 
of  plain  concrete  and  exercise  various  features 
of  the  model.  In  that  which  follows,  the  test 
cases  considered  are  referred  to  by  the  numbers 
assigned  to  them  In  Reference  [6],  None  of  tiie 
tests  considered  below  were  used  In  fitting  the 
model  parameters,  and  no  optimization  techniques 
were  employed  to  achieve  the  results  presented 
below. 

Test  1-1 

This  test  was  designed  to  explore  the 
response  of  plain  concrete  to  triaxlal  load 
cycles  which  do  not  exhibit  stress  reversals. 
The  loading,  shown  in  Figure  2 (a  and  b),  con¬ 
sisted  first  of  cyclic  hydrostatic  loading  up  to 
8  ksi,  followed  by  cyclic  deviatoric  loading 
along  the  triaxlal  compression  path,  as  depicted 
in  Figure  2(b).  The  predicted  and  measured 
responses  for  this  loading  history  are  given  in 
Figure  2(c).  As  this  figure  reveals,  the  pre¬ 
dicted  and  measured  responses  are  In  good 
agreement,  considering  the  data  scatter,  which 
is  apparent  from  comparing  the  data  from  Test 
1-1  with  those  from  the  replicate  test.  Test 
1-10,  given  in  Reference  [6], 
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Figure  2.  Cyclic  triaxial  loading  (Test  1-1). 


Tests  3-3  end  3-12 


Tests  4-11.  4-15  and  4-17 


Test  series  No.  3  was  designed  to  examine 
the  behavior  of  plain  concrete  to  circular 
stress  paths  In  the  devlatorlc  plane.  The 
stress  paths  shown  In  Figure  3(a)  consisted 
first  of  monotonic  hydrostatic  coapresslon  to 
sowe  pressure  o0,  followed  by  a  circular  load 
path  In  the  devlatorlc  at  soae  fixed  value  of 
octahedral  shear  stress,  ?0.  Coaparlsons 
between  aodel  predictions  and  data  for  the 
devlatorlc  loading  portions  of  Tests  3-3  and 
3-12  froa  this  series  are  shown  In  Figures  3(b) 
and  3(c).  The  overall  agreeaent  Is  quite  good. 
Also,  It  Is  of  Interest  to  note  that  the  tests 
In  this  series  apparently  provide  the  first  data 
on  the  response  of  concrete  to  "loadlng-to-the- 
slde"  [12],  which  the  present  aodel  appears  to 
describe  It  quite  well. 


These  tests  were  part  of  a  larger  group  of 
tests  designed  to  explore  several  aspects  o* 
response  to  complex  stress  paths  for  which  two 
of  the  principal  stresses  were  equal.  While  the 
stress  paths  for  Tests  4-11,  4-15  and  4-17  were 
quite  different,  they  nevertheless  have  a  common 
stress  state,  l.e.,  o0  •  8  ksi  and  o0  * 
4  ksl,  thus  permitting  some  Insight  Into  the 
stress-path  dependence  of  response.  Comparisons 
between  the  predicted  and  measured  responses  for 
Tests  4-11,  4-15  and  4-17  are  given  In  Figure*  4 
to  $,  where  the  applied  stress  histories  are 
also  shown.  As  an  Inspection  of  these  figures 
reveals,  the  present  model  describes  the 
measured  response  quite  well,  with  an  accuracy 
that  appears  to  be  well  within  the  data  scatter. 
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(c)  Octahedral  shear  stress  versus  octahedral  nonaal  strain. 


Figure  3.  Circular  stress  paths  In  the  devl- 
a  tori  c  plane. 


Figure  4.  Complex  stress  paths  In  the  devl¬ 
atorlc  plane. 
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(b)  Major  principal  stress  versus  principal  strains. 


Figure  5.  Measured  and  predicted  responses 
for  Test  4- 15, 


Tests  5-1  -  5-2  and  5-3 


The  purpose  of  these  tests  was  to  Investi¬ 
gate  the  response  of  plain  concrete  to  unsym- 
metrlc  stress  paths  in  a  fixed  devlatorlc 
plane.  The  stress  paths  consisted  of  hydro¬ 
static  compression  to  the  4  Ksi  devlatorlc 
plane,  followed  by  proportional  devlatorlc 
loading  paths  which  makes  angles  of  30”,  60'  and 
90'  with  the  tr i axial  compressive  axis,  as  shown 
In  figure  7(a).  The  predicted  and  measured 
responses  for  these  tests  are  shown  In  Figure 
7(b,c,d);  also  Included  In  the  figures  are 
corresponding  predictions  reported  by  Stankowskl 
[12J.  As  Indicated,  the  present  model  captures 
the  measured  responses  very  well,  and  Is  clearly 
superior  to  the  Stankorskl-  Gerstle  model  [13]. 


Test  6-2 

In  Test  6-2,  the  response  of  plain  concrete 
to  the  piecewise  linear  loading  path  shown  In 
Figure  8(a)  war  explored.  The  loading  war 
applied  so  that  all  possible  uniaxial  and  equl- 
olaxlal  stress  states  at  a  peak  stress  level  of 
3.6  ksl  were  achieved.  The  predicted  and 
measured  responses  are  depicted  In  Figure  8(b). 
In  view  of  the  typical  scatter  of  concrete  data, 
the  agreement  between  model  and  experiment  Is 
considered  excellent. 


(b)  Octahedral  shear  stress  versus  octahedral  shear  strain. 
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tc)  Octahedral  norwal  stress  versus  octahedral  normal  strain. 

Figure  6.  Measured  and  predicted  responses 
for  Test  4-17. 


Figure  7.  (Continued) 


Figure  8.  Measured  and  predicted  responses 
for  Test  6-2. 


Figure  7.  Measured  and  predicted  responses 
for  Tests  S-l,  5-2  and  5-3. 


CONCLUSION 


An  advanced  nonlinear  constitutive  model  ha? 
been  developed,  on  the  basis  of  the  new  endo¬ 
chronlc  plasticity  theory,  to  describe  the 
general  behavior  of  plain  concrete  over  the 
range  of  stresses  for  which  significant  cracking 
does  not  occur.  The  model  Is  Isotropic,  rate- 
independent  and  thermodynamically  sound.  The 
model  exhibits  shear-volumetric  coupling  In  the 
form  of  shear  compaction,  dependence  of  shear 
behavior  on  hydrostatic  pressure,  hysteresis  and 
stress-path  dependence.  The  wide  variety  of 
proof-tests  to  which  the  model  has  been  sub¬ 
jected  clearly  demonstrate  that,  over  the 
intended  range  of  application,  the  endochronlc 
plasticity  framework  described  above  captures 
the  essential  features  of  the  nonlinear  behavior 
of  plain  concrete. 
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ABSTRACT 

The  construction,  calibration  and  use  of  a 
polymer  pressure  gage  is  described.  The 
transducer  material  in  this  gage  is  pclyvinyliaene 
fluoride  (PVDF)  which  becomes  piesoelectrlcally 
and  pyroelectr ical ly  active  when  subjected  to  a 
large  electric  field  (2  MV/cm  at  room  tempera¬ 
ture).  The  sensitive  region  of  the  gage  consists 
of  two  12  urn  thin  films  of  PVDF  for  which  the  ac¬ 
tive  area  is  1  cm  in  diameter.  These  films  are 
laminated  together  and  subsequently  sandwiched  be¬ 
tween  two  protective  layers  of  polycarbonate. 
Compensation  for  signals  generated  by  temperature 
changes  is  described  and  demonstrated. 

INTRODUCTION 

The  pressure  sensing  element  of  the  pressure 
gage,  polyvinyliaene  fluoride  (PVDF),  has  been  the 
subject  of  many  laboratory  studies  and  has  been 
used  in  many  applications  during  the  past  decade 
[1-5].  PVDF  is  available  as  thin  films  or  sheets 
which  become  piezoeleotr ically  and 
pyroelectrically  active  by  "poling"  a  specific 
region  of  it  with  a  large  electric  field  (2  MV/cm 
at  room  temperature).  Upon  removal  of  the  field 
PVDF  possesses  a  permanent  electric  polarization. 
Switching  from  the  unpoled  to  the  poled  state  is 
i iewed  as  a  ferroelectric  transition  [6]. 

A  model  of  transducer  response  to  changes  In 
hydrostatic  pressure  and  temperature  was  developed 
by  Broadhurst  et  al  [1].  In  the  model,  the  po¬ 
larization  of  the  sample  changes  In  response  to 
changes  In  volume  and  dimensions  of  the  PVDF 
transducer  when  stressed,  the  dipole  moment  per 
unit  volume  changes  because  of  the  volume  change, 
but  the  dipole  moment  remains  constant.  This  ef¬ 
fect  is  called  secondary  piezoelectricity. 

In  Figure  1  ,  a  permanently  polarized  sample  Is 
shown  with  the  polarization  vector  in  the  3 
direction.  The  1  and  2  directions  are  equivalent 
as  is  approximately  the  case  for  the  pressure 
gage3  which  we  describe  here.  The  change  in  the 
polarization  P  in  the  i*"*1  direction  produced  by  an 
applied  stress  T  Is  given  by 

APi  .  Tj  .  E,  -  0  (1) 

where  1-1,  2  and  3  corresponds  to  the  directions 


Figure  I.  The  coordinate  system  for  a  polarized 
PVDF  sample  Is  shown.  P,  the  polarization  vector. 
Is  in  the  3  direction. 


or  the  coordinate  system,  d  is  the  piezoelectric 
coefficient  and  E  is  the  marcoscopic  electric 
field  which  mu3t  be  zero  for  equation  (1)  to  be 
true.  The  six  J  indices  correspond  to  three 
tensile  stresses  and  three  shear  stresses. 


By  inspection  and  by  carrying  out  gedanken  ex¬ 
periments  involving  the  application  of  individual 
stresses  to  the  polarized  specimen  of  Figure  1,  it 
is  found  that  the  d  matrix  contains  only  five 
non-zero  coefficients.  Thus, 


0 


(2) 


If  electrodes  are  placed  on  the  transducer  norm.  1 
to  the  3  direction,  changes  in  Pj  can  be  detected 
as  charge  or  current  In  an  external  circuit.  From 
equations  (1)  and  (2), 


4P3  "  d31  T1  *  d32  t2  +  d33  t3  •  <3) 

If  hydrostatic  conditions  prevail,  then 

T1  ’  T2  “  t3  and  dh’  t^‘e  hydrostatic  d 
coefficient,  is  equal  to  d^  +  d^2  ♦  djj. 
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It  must  be  emphasized  that  the  d  matrix  of 
equation  (2)  Is  the  result  of  the  model; 
experimental  verification  la  incomplete.  The 
coefficients  dj, ,  and  djj  have  been  measured 
but  the  values  of  tne  other  15  coefficients  remain 
unknown.  In  particular,  the  effect  of  shear 
stresses  on  the  piezoelectric  response  of  PVDF  or 
of  a  pressure  gage  made  from  PVDF  has  not  been 
reported. 

Since  the  poled  active  material  is  both 
pyroelectric  and  piezoelectric,  measurements  are 
usually  carried  out  In  an  isobaric  or  isothermal 
environment  so  that  only  one  effect  is  activated. 
For  the  measurement  of  dynamic  pressures,  an  Iso¬ 
thermal  environment  is  not  always  present  because 
pressure  pulses  will  be  accompanied  by  temperature 
pulses  due  to  adiabatic  compress lonal  heating. 

This  effect  was  discussed  by  DeReggi  et  al.  who 
considered  the  relative  time  effects  of  pressure 
Induced  temperature  changes  In  PVDF  and  tempera¬ 
ture  changes  which  occur  In  the  surrounding  medium 
[7].  Adiabatic  heating  of  the  PVDF  will  occur  in 
coincidence  with  its  pressure  change.  When 
adiabatic  heating  of  the  surrounding  medium  oc¬ 
curs,  the  thermal  time  constant,  t,  for  diffusion 
of  heat  Into  the  transducer  will  determine  Its 
pyroelectric  response  as  a  function  of  time.  If 
the  temperature  changes  In  PVDF  and  its  surround¬ 
ings  are  Identical,  then  there  will  be  no  heat 
transfer  and  the  pyroelectric  response  will  be  due 
to  adiabatic  heating  of  the  PVDF  only.  Calcula¬ 
tions  for  this  special  case  show  that  the 
pyroelectric  charge  signal  is  approximately  8<  of 
the  piezoelectric  charge  [7].  In  general, 
adiabatic  heating  In  both  PVDF  and  Its  surround¬ 
ings  along  with  the  time  scale  of  each  effect  must 
be  considered.  For  pressure  measurements  at  t  «  t 
temperature  compensation  can  be  achieved  by  apply¬ 
ing  the  8J  correction  to  the  transducer  signals. 
For  longer  times  the  conduction  of  heat  from  the 
surroundings  must  be  measured  in  order  to  apply 
the  appropriate  correction  to  the  electrical  sig¬ 
nal  from  the  PVDF  gage. 


Since  t  depends  on  the  dimensions  of  the 
transducer,  it  is  often  possible  to  adjust  t  in 
accordance  with  the  requirements  of  the  measure¬ 
ment.  For  thin  film  transducers,  t,  as  determined 
from  the  solution  to  the  heat  flow  equation  in  one 
dimension,  depends  on  the  square  of  the  thickness, 
1,  of  the  transducer.  For  example,  for  a  PVDF 
transducer  with  i  -  0.7  mm,  t  »  Is.  We  will  show 
that  accurate  pressure  measurements  for  t  <  -t/20 
are  possible  without  active  compensation. 

We  will  also  demonstrate  In  this  paper  a 
method  of  active  compensation  for  some  applica¬ 
tions  for  which  It  Is  not  appropriate  to 
change  l  in  order  to  accommodate  the  time  scale  of 
the  measurement.  For  this  situation,  t  i  t.  Com¬ 
pensation  Is  achieved  by  using  a  thermocouple  with 
a  fast  response  time  to  measure  temperature 
changes  in  the  PVDF  gage.  The  dynamic  range  of 
the  compensated  measurement  can  be  as  broad  as  0.1 
Hz  to  105  Hz.  Pressure  measurements  at  higher 
frequencies,  up  to  10°  Hz,  can  also  be  corrected 
with  the  8>  temperature  compensation. 

TEMPERATURE  COMPENSATION 

The  method  of  active  temperature  compensation 
we  have  chosen  Is:  (a)  to  measure  the  temperature 
change  of  the  PVDF  transducer  using  a  thermocou¬ 
ple:  (t)  to  amplify  the  thermocouple  voltage  to 
equal  that  generated  by  the  pyroelectric  response 
of  the  gage;  and  (c)  to  add  the  transducer  voltage 
to  the  amplified  thermocouple  voltage  yielding  a 
corrected  transducer  voltage.  This  corrected  out¬ 
put  Is  proportional  to  the  pressure  which  Is  ap¬ 
plied  to  the  active  area  of  the  transducer. 

In  Figure  2  we  illustrate  a  skeleton  diagram 
of  the  compensation  circuit.  Since  the  PVDF 
transducer  is  a  charge  generating  device,  Its  sig¬ 
nal  is  converted  to  a  voltage  via  a  feedback  ca¬ 
pacitor  Cf,  In  a  charge  amplifier.  When  the 
transducer  responds  to  both  temperature  and  pres¬ 
sure  simultaneously,  the  transducer  charge,  qt  - 


Figure  2.  A  skeleton  diagram  of  the  compensation 
circuit  Is  shown.  Here,  e  is  the  uncompensated 
output  of  the  charge  ampllVler  ;  e£  la  called  the 
transducer  voltggt; 


e  .  is  proportional  to  the  thermocouple  voltage; 
alia  e  is  the  output  of  the  compensation  circuit 
and  lS  proportional  to  the  pressure  applied  to  the 
transducer. 
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Figure  3.  A  cross  section  of  the  PVDF  transducer  is 
shown.  The  shaded  areas  are  the  piezoelectrically 
a. five  regions.  The  outer  protective  layers  can  be 

q;)  -  q._p,  where  qp  is  the  charge  oroportlonal  to 
.•'"esS'J'c  and  q,  is  the  charge  proportional  to 
temperature.  These  charges  combine  out  of  phase 
because  a  positive  pressure  and  a  positive  tem¬ 
perature  will  generate  charges  of  opposite  3ign. 
After  inverting  the  output  of  the  charge  ampli¬ 
fier,  we  have  et  .  qp/cf  -qth/Cf  -  ep  -e*th  where 
eth  is  the  voltage  proportional  to  tne  temperature 
change  AT,  op  is  a  voltage  proportional  to  the 
pressure  change  AP,  ar.d  et  is  the  output 
(transducer)  voltage  as  shown  in  Figure  2.  In 
terms  of  pyroelectric  and  hydrostatic  piezoelec¬ 
tric  coefficients  X  and  dp  we  have 

qp  -  dhAeAP  (U) 

qth  -  -XAeAT ,  (5) 

where  Ac  is  the  area  of  electrodes.  Equations  (4) 
and  (5)  define  the  coefficients  X  and  dp. 

The  thermocouple  junction,  which  is  positioned 
close  to  the  active  area  of  the  transducer  as 
shown  in  Figure  3.  provides  a  voltage,  Vth  -  KAT 
where  K  is  the  thermocouple  constant.  Vth  is  am¬ 
plified  to  equal  the  quantity  etp  by  an  amplifica¬ 
tion  factor,  Af,  so  that  eth  -  AfVtp.  When  et(l  is 
set  equal  co  by  adjusting  Ap  and  when  et  and 
etp  are  added,  we  have 


+  -  er 


Since  e  is  proportional  to  pressure  only,  compen¬ 
sation  Is  achieved. 


PVDF  or  another  material.  The  aluminum  and  indium 
electrodes  are  not  shown. 


together  using  epoxy.  The  inner  two  films  are 
each  12  pm  thick  biaxialiy  oriented  PVDF  films. 

The  shaded  regions  of  Figure  3  are  the  active  ar¬ 
eas  on  which  electrodes  of  10^  nm  aluminum  fol¬ 
lowed  by  102  nm  indium  have  been  deposited.  The 
active  area  is  1  cm  in  diameter.  The  outer  two 
layers,  whose  thickness  is  adjusted  in  order  to 
achieve  a  particular  value  of  t,  can  be  PVDF  or 
another  material  such  as  polycarbonate.  A  commer¬ 
cial  copper-constantan  thermocouple  junction,  made 
with  12  pm  (0.5  mil)  metal  strips.  Is  placed  be¬ 
tween  the  Inner  two  sheets  and  within  2  mm  of  the 
active  transducer  area.  Prior  to  lamination  the 
electroded  regions  are  made  piezoelectrically  ac¬ 
tive  by  poling  them  at  room  temperature  with  an 
electric  field  of  2  MV/cm.  other  details  regard¬ 
ing  gage  construction  can  be  obtained  from  pub¬ 
lished  reports  [10,11]. 

In  the  symmetric  geometric  conf xguratlon  of 
Figure  3.  the  transducer  charge  Qt(t)  and  the 
thermocouple  voltage,  Vth<t),  have  nearly  the  same 
response  time  to  a  change  in  external  temperature. 
We  have  used  the  heat  flow  equation  In  one  dimen¬ 
sion  to  analyze  the  two  functions.  The  solutions 
are  that  Vtf)( t)  an  qt ( t )  are  expressed  as  a 
Fourier  series  both  of  which  contain  the  same 
dominant  time  constant, 


where  k  is  its  thermal  dlffusivlty  [12]. 

EXPERIMENTAL  APPARATUS  AND  RESULTS 


The  amplification  factor  Af  of  the  thermocou¬ 
ple  circuit  is  establ’shcd  by  subjecting  the 
transducer  to  a  temperature  change  at  zero  pres¬ 
sure  change.  Under  these  conditions  e_  should  be 
zero.  The  procedure  consists  of  immersing  the 
transducer  into  warm  or  cold  water  and  adjusting 
Ap  until  ep  Is  zero.  For  Cf  -  10’  pf,  Af  Is  of 
the  order  of  10  .  Details  regarding  the  compensa¬ 
tion  circuit  and  calibration  procedures  can  be 
found  elsewhere  [8,9]. 

DESIGN  OF  THE  TRANSDUCER 

The  PVDF  transducer  with  thermocouple  is  shown 
in  Figure  3.  It  is  made  from  four  sheets  or  films 
of  polymeric  material  which  have  been  laminated 


Two  experiments  were  used  to  examine  tranducer 
behavior.  One  is  designed  to  investigate 
transducer  response  to  pressure  changes  in  the 
time  regime,  tit,  and  the  other  is  concerned 
with  t  €  t. 

For  the  t  i  t  experiments,  the  outer  two  lay¬ 
ers  of  the  gage  are  each  25  pm  thick  films  of  PVDF 
and  the  overall  thickness  is  0.13  mm.  This  gage  is 
placed  in  a  steel  pressure  cnamber  which  Is  filled 
with  oil  at  room  temperature.  A  pressure  pulse  is 
initiated  by  dropping  a  16  kg  mass  onto  a  plunger 
in  the  chamber.  Typical  pulses  have  peak  values 
up  to  2.8  x  10'  Pa  ( 9000  psl)  and  a  half  width  of 


TIME  ms 


Figure  4.  Pressure  pulses  frou  Che  compensated 
PVDP  transducer,  P  (t),  and  from  the  reference 
pressure  gage,  P  (l),  era  shown.  The  curve 
having  the  Urge?  noise  component  la  P  (t); 
the  source  of  the  noise  la  the  thermocouple 
enpllfler. 


TIME  ms 


Figure  S.  The  pressure  response,  P(t),  of  a  PVDP 
transducer  to  a  step  function  applied  pressure  Is 
shown.  Also,  the  temperature,  T(t),  at  Its  center 
le  shown.  The  transducer  hot*  polycarbonate  pro¬ 
tective  layers  which  are  375  tin  (IS  nil)  thick. 

Its  thermal  time  constant  Is  1.36  a.  The  dashed 
line  Is  the  actual  pressure. 


10  ms.  A  reference  pressure  gage,  which  is  a 
resistive  device  having  a  response  time  of  60  ps, 
is  positioned  In  the  chamber.  Pressure  can  also 
be  measured  using  ar.  accelerometer  which  1s 
mounted  on  the  drop  weight.  Signals  from  the 
transducer  and  thermocouple  are  fed  Into  the  com¬ 
pensation  circuit;  Its  output,  ep,  along  with  the 
signals  from  the  pressure  gage  and  the  accelerome¬ 
ter  are  captured  by  a  'igital  signal  processing 
system. 

Using  a  value  of  the  hydrostatic  piezoelectric 
coefficient,  dh,  which  Is  obtained  from  a  static 
measurement  (described  elsewhere  [11]),  the 
transducer  or  gage  pressure  Pt(t)  Is  calculated 
from  ep  and  compared  with  the  reference  pressure 
Pr(t).  The  data  are  shown  in  Figure  *1;  Pt(t)  Is 
the  noisier  of  the  twc  curves.  The  source  of  the 
noise  Is  the  Inherent  noise  of  the  thermocouple 
amplifier.  (In  subsequent  work,  the  noise  has  been 
decreased  by  a  factor  of  3;  this  is  seen  in  the 
data  of  Figure  5.)  A  maximum  temperature  change  of 
0.5  °C  accompanied  the  pressure  pulse  for  which 
the  compensation  correction  was  15$  of  the  gener¬ 
ated  transducer  charge.  The  accuracy  of  the  pres¬ 
sure  measurement  Is  estimated  to  be  ±  10$. 

For  t  <  t,  we  used  a  transducer  with  outer 
layers  which  were  each  375  urn  (15  mil)  sheets  of 
polycarbonate  and  the  overall  thickness  of  the 
transducer  was  825  pm.  The  thermal  time  constant 
was  calculated  to  be  1.36  s;  which  means  that  the 
approximate  range  of  time  for  accurate  pressure 
measurements  is  up  to  VO  ms.  A  value  of  dh  for 
this  transducer  was  obtained  from  an  Independent 
measurement,  either  the  drop  test  or  the  static 
measurement. 

The  transducer  was  placed  In  an  air  pressure 
chamber  In  which  the  pressure  of  the  air  was 
changed  in  a  step  function  manner.  The  resultant 
transducer  temperature  and  pressure  (as  calculated 
from  its  charge  output)  are  plotted  versus  time  In 
Figure  5.  We  note  that  the  pressure  Is  constant 
at  3-5  x  io5  Pa  as  long  as  the  temperature  remains 
unchanged.  As  the  temperature  Increases  due  to 
adiabatic  compresslonal  heating  of  the  air  the 
pressure  appears  to  decrease  as  the  pyroelectric 
charge  begins  to  accumulate.  At  t  »  70  ms,  10$  of 
the  plezo-cnarge  ha3  been  neutralllzed  by  the  op¬ 
posite  polarity  pyro-charge.  For  t  >  117  ms,  the 
pyro-charge  so  dominates  the  transducer  output 
that  the  apparent  pressure  becomes  negative  even 
though  the  real  pressure  has  been  held  constant  at 
3-5  x  10^  Pa.  This  transducer  can  be  used  for 
satisfactory  dynamic  pressure  measurements  If 
t  <  70  ms. 

We  have  demonstrated  two  types  of  temperature 
compensation.  For  t  i  i,  an  active  temperature 
compensation  circuit  is  used.  For  t  €  t,  tempera¬ 
ture  effects  are  avoided  by  adjusting  the  thick¬ 
ness  of  the  transducer. 

In  other  published  work  [8,9],  we  have 
reported  the  linearity  of  the  piezoelectric 
response  up  to  1 .8  x  10^  Pa  (2600  psl ) .  At  higher 
pressures,  non-linear  response  In  due  to  •  decrease 


In  the  compressibility  of  PVDF  as  pressure 
increases.  Calibration  of  the  gage  In  the 
non-linear  regime  Is  being  carried  out. 
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ABSTRACT 

The  NBS  polymer  gage,  which  is  made  of 
thin  sheets  of  polyvinylidene  fluoride 
(PVDF)  sandwiched  between  polycarbonate 
sheets,  has  been  tested  extensively  at  the 
National  Bureau  of  Standards  to  evaluate 
its  ability  to  measure  soil  dynumic 
stresses  due  to  blast  loading. 

The  present  gage  design,  which  has  an 
aspect  ratio  of  0.024  and  a  modulus  ratio 
of  at  least  35  provides  an  excellent  dimen¬ 
sional  and  physical  characteristics  to 
assure  good  soil  stress  measurement.  A 
linear  relationship  between  input  stress 
and  gage  output  has  been  established  for 
stress  levels  up  to  2000  psi.  This  rela¬ 
tionship  is  not  affected  by  the  location  of 
gage  placement,  the  thickness  of  the  pro¬ 
tective  cover,  the  frequency  of  impact 
load,  and  the  length  of  cable  used  for 
signal  meaurement. 


INTRODUCTION 

Many  studies  have  been  conducted  in 
the  past  to  develop  stress  gages  to  proper¬ 
ly  measure  soil  stresses.  Most  of  the 
research  was  focused  on  gage  development 
for  measurement  of  static  loads,  e.g.,  the 
work  reported  in  refs.  1,  B,  6,  14,  17,  10, 
18.  A  very  comprehensive  review  and 
summary  of  these  studies  is  provided  in 
ref.  18.  In  recent  years,  gage  design  has 
also  concentrated  on  its  capability  to 
measure  stresses  due  to  impact  and  dynamic 
loads  such  as  result  from  blasting. 
Examples  are  listed  in  refs.  2,  4.  9,  11, 
and  16. 


A  number  cf  factors  should  be  consi¬ 
dered  in  gage  design.  They  are  the 
aspect  ratio,  the  ratio  of  total  gage 
thickness,  T,  to  total  gage  diameter,  Dj 
the  modulus  ratio,  the  ratio  of  gage  modu¬ 
lus,  Eg  ,  to  so i 1  modulus,  Em  ;  gage 
deflection  and  arching;  stress  distribution 


over  the  gage  surface;  lateral  stress  rota¬ 
tion;  methods  of  gage  placement;  methods  of 
gage  calibration;  necessity  for  temperature 
compensation;  capability  of  the  gage  to 
resist  adverse  environments;  natural  fre¬ 
quency  of  the  gage;  inertia  force  due  to 
the  weight  of  the  gage;  and  gage  response 
time. 


The  most  Important  factors  are  the 
aspect  ratio,  the  modulus  ratio,  and  the 
uniformity  of  stress  distribution  over  the 
gage  surface.  A  Waterways  Experiment  Sta¬ 
tion  study  in  1944  recommended  an  aspect 
ratio  of  lesB  than  1/5  and  this  criterion 
has  since  been  followed  by  the  gage  desig¬ 
ners.  Studies  have  also  been  conducted  to 
establish  the  relationship  between  the 
aspect  ratio  and  the  modulus  ratio  (15, 
12).  Figure  1  shows  a  revised  plot  from 
Loh's  work  (12)  where  a  typical  Poisson's 


Figure  1  Theoretical  Soil  Stress 
Gage  Response  (Ref.  12) 
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rctio  for  sandy  soils  Is  used  in  the  formu- 
lation.  The  figure  suggests  that  good 
rtress  measurement  can  be  expected  from  a 
gage  with  an  aspect  ratio  less  than  1/10 
and  a  modulus  ratio  greater  than  unity. 
Research  on  stress  uniformity  over  the  gage 
surface  led  to  the  recommendation  that  the 
sensitive  area  of  the  gage  be  less  than  45 
%  of  its  total  area  to  avoid  ntress  over¬ 
registration  (13).  Another  factor  influen¬ 
cing  the  stress  distribution  over  the  gage 
surface  is  the  possibility  of  measuring 
point  loads  due  to  the  particulate  nature 
of  soil.  A  criterion  requiring  the  ratio 
of  active  gage  diameter  to  mean  soil  grain 
size  to  be  at  least  10  was  suggested  in 
ref.  16  to  keep  the  error  from  point  loads 
to  less  than  3%. 


sional  characteristics  that  assure  good 
stress  measurement.  The  ratio  between  the 
sensitive  area  of  the  gage  and  the  total 
gage  area  is  0.44  which  Is  less  than  0.45 
and  is  satisfactory.  It  should  be  noted 
that  the  dimension  of  both  the  sensitive 
area  and  the  total  area  of  the  gage  has 
been  fixed  for  the  convenience  of  labor¬ 
atory  soil  testing.  These  dimensions  can 
be  made  to  any  size  and  any  shape  to  fit 
the  specific  need  for  which  the  gage  is 
uBed.  Thus,  a  ratio  much  less  than  0.44 
can  be  accomplished  with  no  difficulty. 
The  ratio  between  the  diameter  of  the  ac¬ 
tive  area  and  the  mean  grain  Bize  (0.30  mm) 
for  the  fine  to  medium  sandy  soil  used  in 
testing  is  33,  which  far  exceeds  the  value 
of  10,  recommended  in  ref.  18. 


At  present,  two  types  of  gages  are 
commonly  used  for  in-situ  soil  stress  mea¬ 
surement  during  blast  testing:  The  WES-SE 
gage  is  a  diaphragm  cype  gage  with  an 
aspect  ratio  of  about  0.1  (11)  and  the  SRI 
gage  is  a  high  modulus  and  low  aspect  ratio 
gage  consisting  of  a  piezoresistance  foil 
made  of  ytterbium  (9).  The  NRS  stress 
gage  uses  different  principles  for  its 
operation  than  either  of  these  two  gages. 
These  principles  and  the  gage  calibration 
and  testing  are  briefly  presented  in  the 
following  sections. 

THE  NBS  POLYMER  GAGE 

The  NBS  gage  is  made  of  a  polymer 
material  called  poly viny 1 idene  fluoride 
(PVDF).  Properties  of  the  PVDF  material 
and  methods  of  gage  fabrication  are  des¬ 
cribed  in  a  companion  paper  by  the  second 
author  (3).  Several  versions  of  the  gage 
were  developed  and  tested  during  the  pro¬ 
gram.  The  final  gage  design  is  shown  sche¬ 
matically  in  figure  2,  and  a  photograph  of 
the  gage  in  figure  3.  It  consists  of  two 
layers  of  PVDF  sheets,  each  of  them  con¬ 
tains  an  active  area  10  mm  in  diameter. 
The  overall  diameter  of  the  gage  is  15  mm. 
Both  aluminum  and  indium  are  deposited  over 
the  PVDF  surfaces  as  electrodes  and  a  ther¬ 
mocouple  is  placed  in  between  the  two  PVDF 
sheets  before  they  are  epoxied  together. 
Two  polycarbonate  sheets  are  used  to  cover 
the  gage  surface  to  improve  its  ruggedness. 
Overall  thickness  of  the  gage  is  about 
0.35  mm. 


An  assessment  of  this  gage  is  made 
with  respect  to  the  important  factors 
listed  earlier.  The  gage,  with  T  -  0.35  mm 
and  D  *  15  mm,  has  an  aspect  ratio,  T/D, 
of  0.024.  Using  a  gage  modulus  of  2  x  10  +  6 
psi  (1.4  x  10+4  MPa)  and  a  Foil  modulus  of 
5.7  x  10+4  psi  (4  x  10+2  MPa),  typical  of 
sandy  soil  (determined  considering  impulse 
load  condition),  a  modulus  ratio  of  35  is 
obtained.  Referring  to  figure  1,  it  is  seen 
that  this  design  offers  excellent  dimen-- 
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Figure  2  Schematic  View  of  The 

Present  NBS  Polymer  Gage 


Figure  3  An  NBS  Polymer  Gage 

The  gages  were  fabricated  in  the 
laboratory  of  NBS  Polymers  Division. 
Pyroelectric  characteristics  cf  the  gage 
have  also  been  studied  in  detail  to  deve¬ 
lop  a  compensation  amplifier  for  tempera¬ 
ture  compensation.  Methods  for  temperature 
measurement  and  hydrostatic  gage  calibra¬ 
tion  using  a  drop  test  set-up  are  presented 
in  the  companion  paper  by  the  second  author 
(3).  It  should  be  noted  that  temperature 
compensation  is  important  when  the  gage  is 
used  for  air  pressure  measurement  due  to 
blasting.  However,  as  will  be  shown  later, 
temperature  correction  is  not  required  for 
the  stress  level  tested  (up  to  2000  psi) 
when  the  gage  is  used  for  dynamic  soil 
stress  measurement  since  the  temperature 
rise  in  an  embedded  gage  is  very  small 
(about  0.6  F) . 
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GAGE  TESTING  IN  GEOTECHNICAL  LABORATORY 

A  typical  sandy  soil  obtained  from  the 
future  field  test  site  at  Eglin  Air  Force 
Base,  Florida  was  used  in  testing  and  is 
referred  to  as  Florida  sand.  It  is  reddish 
brown  in  color  and  was  slightly  moist  when 
received  with  an  average  moisture  content 
of  6.0  %.  The  soil  can  be  described  as 
fine  to  medium  sand,  trace  to  some  fines  or 
SP-SM  under  the  Unified  Soil  Classification 
System.  It  has  a  maximum  dry  density  of 

114.5  pcf  at  an  optimum  moisture  content  of 

12.5  %. 

A  number  of  test  variables  were 
included  in  the  test  program  including  gage 
type,  gage  location,  type  of  protective 
cover,  cable  length,  frequency,  and  mold 
insulation.  An  overall  view  of  the  test 
set-up  is  given  in  figure  4  and  a  close-up 
view  is  given  in  figure  5.  Figure  6  pre¬ 
sents  a  schematic  drawing  of  the  test 
cylinder  and  its  accessories. 

Two  arrangements  were  used  to  test 
gages  in  the  test  cylinder.  In  the  first 
arrangement,  a  concrete  pedestal  was  placed 
into  the  test  cylinder  and  the  gage  was 
then  inserted  through  a  slot  cut  in  the 
test  cylinder  to  rest  on  the  surface  of  the 
pedestal.  The  space  above  the  pedestal  was 
filled  with  Florida  sand  and  compacted  to 
the  top  of  the  test  cylindei  for  testing. 
In  the  second  arrangement,  Florida  sand  was 
poured  into  the  test  cylinder  and  compacted 
to  the  slot  level  to  receive  the  gage.  The 
gage  was  then  covered  with  additional  sand 
as  in  the  first  arrangement.  The  compacted 
density  of  the  Florida  sand  was  about  95 
pcf. 


Figure  4  Overall  View  of  NBS  Poly¬ 
mer  Gage  Test  Set-up 


An  impact  load  consisting  of  a  half 
cycle  inverted  sine  waveform  was  dialed  in 
through  the  use  of  ar.  MTS  testing  system. 
The  magnitude  of  the  input  load  as  well  as 
the  specimen  deformation  were  recorded  on 
channels  3  and  4  of  a  strip  chart  recorder. 
Refer  to  figure  5,  the  gage  output  was 
connected  to  the  input  port  of  a  compensa¬ 
tion  amplifier,  which  is  the  aluminum  box 
shown  next  to  the  test  specimen.  Outputs 
from  the  compensation  amplifier,  which 
include  the  temperature  measurement  from 
the  thermocouple,  and  the  corrected  and 
uncorrected  gage  responses  with  respectto 
temperatu re,  were  recorded  on  channels  5, 
1,  and  2,  respectively  of  the  same 
recorder.  A  typical  strip  chart  output  from 
an  impact  load  test  is  shown  in  figure  7. 


Figure  5  Close-up  View  of  NBS 

Polymer  Gage  Test  Set-up 
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Figure  6  Schematic  Drawing  of  The 
Test  Cylinder  and  Its 
Accessories 


In  most  tests,  loading-unloading¬ 
reloading  characteristics  of  gage  response 
to  impact  loads  were  studied.  The  task  was 
carried  out  by  applying  impact  loads  to  the 
test  specimen  in  successively  greater  in¬ 
crements  up  to  2000  psi.  Unloading  was 
conducted  by  reducing  the  impact  load  mag¬ 
nitude  in  decrements  to  an  equivalent 
stress  level  close  to  20  psi.  Reloading 
was  conducted  in  the  same  manner  as  in 
initial  loading.  Most  of  the  impact  loads 
were  applied  at  a  frequency  of  50  Hz; 
however,  the  frequency  was  varied  between  5 
and  40  Hz  in  some  cases  to  study  the 
possible  effect  on  gage  response. 

Initial  tests  were  conducted  with  the 
test  cylinder  wrapped  with  insulation  tape 
to  evaluate  its  possible  effect  on  tempera¬ 
ture  rise  and  therefore  the  gage  response. 
Some  tests  were  also  conducted  using  a  150- 
ft  long  co-axial  cable  to  find  out  whether 
the  length  of  cable  (capacitance)  had  any 
effect  on  the  gage  signal  output.  Several 
types  of  gages,  combined  with  a  number  of 
gage  protection  measures  were  experimented 
in  the  test  program  which  led  to  the  final 
gage  design  as  shown  in  figures  2  and  3. 
Details  of  these  studies  are  documented  in 
an  NBS  report  entitled  "Development  of  an 
NBS  Polymer  Gage  for  Dynamic  Soil  Stress 
Measurement." (5) 
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Figure  7  Typical  Strip  Chart  Output 


TEST  RESULTS 

Figures  8  and  9  show  typical  plots  of 
test  results.  Plots  presenting  the  results 
of  other  test  variables  studied  are  in¬ 
cluded  in  the  report  cited  above.  It  was 


found  that  a  linear  relationship  between 
the  input  stress  and  the  gage  output  signal 
can  be  established  throughout  the  stress 
range  used  in  tests.  Although  corrected 
gage  output  signals  were  used  in  plotting, 
the  strip  chart  outputs  in  figure  7 
actually  indicate  that  the  difference  bet¬ 
ween  the  corrected  and  uncorrected  signals 
is  very  small.  This  is  to  say  that  for 
soil  Btress  measurement,  a  gage  without 
thermocouple  can  be  used  to  yield  equally 
satisfactory  results.  Figure  8  plots  all 
the  data  obtained  from  impact  load  tests 
with  a  frequency  of  50  Hz.  For  each  strip 
chart  output  as  shown  in  figure  7,  one  data 
point  in  figure  8  was  plotted.  Note  that 
test  42  was  conducted  by  having  the  gage 
placed  on  the  concrete  pedestal,  whereas 
the  other  three  tests  were  carried  out 
having  the  gage  embedded  in  soil  to  simu¬ 
late  the  free  field  condition.  Results  of 
the  same  tests  conducted  using  impact  loads 
at  various  frequencies  are  given  in  figure 
9.  Frequencies  at  5,  10,  20,  30,  40,  and 
50  are  noted  and  show  no  effect  on  the 
linear  relationship  established  in  the 
figure. 
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Figure  8  NBS  Polymer  Gage  Test 
Result,  Gage  PC  464 
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Figure  9  NB  Polymer  Gage  Test 
Result,  Gage  PC  #64 
(Effect  of  Frequency) 
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We  should  mention  that  four  gages,  PC 
♦49,  54,  58,  and  64,  were  tested  in  the 
laboratory  to  establish  the  relationship 
between  voltage  output  and  stress  similar 
to  that  shown  in  figures  8  and  9.  These 
gages  were  used  in  a  field  test  program 
conducted  at  the  Eglin  Air  Force  Base, 
Florida  in  June,  1984.  The  field  test 
program  and  results  are  presented  in  a 
companion  paper  at  this  conference. (7) 


SUMMARY  AND  CONCLUSIONS 

The  following  summary  and  conclusions 
may  be  advanced  from  the  results  of  the 
test  program: 

1.  A  gage  made  of  two  thin  sheets  of  PVDF 
material,  a  thermocouple,  and  two  thin 
polycarbonate  sheets  for  gage  surface  pro¬ 
tection,  has  been  developed  to  reliably 
measure  dynamic  soil  stresses  up  to  2000 
psi  due  to  impact  load. 

2.  The  gage  design,  which  has  an  aspect 
ratio  of  0.024  and  a  modulus  ratio  of  at 
least  35,  satisfies  dimensional  and  physi¬ 
cal  requirements  for  accurate  stress  mea¬ 
surement. 

3.  The  gage  design  further  offers  the 
flexibility  and  feasibility  to  build  the 
gage  with  any  aspect  ratio  ard  shape 
required  for  its  specific  use. 

4.  The  pyroelectric  nature  of  the  gage  has 
been  considered  in  designing  the  gage. 
Temperature  correction  is  necessary  when 
air  pressure  measurement  is  of  interest. 
Gage  signal  output  does  not  need  to  be 
compensated  for  temperature  if  the  gage  is 
embedded  in  soil  for  stress  measurement  (to 
the  stress  level  tested  in  the  program) 
because  the  temperature  rise  in  the  gage  is 
small . 

5.  A  linear  relationship  between  the  input 
stress  and  gage  output  can  be  established 
through  the  data  points  derived  from  the 
lcading-unloading-reloading  sequences  of 
specimen  testing.  This  relationship  is  not 
affected  by  the  placement  of  the  gage 
(whether  on  a  concrete  pedestal  or  freely 
in  Boil)  nor  by  the  frequency  of  the  impact 
loads  applied  to  the  specimen. 
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ABSTRACT 

The  feasibility  of  a  new  type  of  pressure  gage  to 
measure  dynamic  soil  stresses  was  evaluated.  The 
pressure  gage  Is  made  from  thin  sheets  of 
polyvinylidene  flourlde  (PVDF)  sandwiched  between 
polycarbonate  sheets.  Tests  were  conducted  to 
measure  dynamic  soil  stresses  and  stresses  on  buried 
structures  resulting  from  the  detonation  of  burled 
high  explosive  charges.  The  work  was  conducted  by 
the  laboratories  of  National  Bureau  of  Standards, 
under  the  sponsorship  of  the  Air  Force  Armament 
Laboratory,  Eglin  AFB  Florida.  This  paper  presents 
the  field  test  results  of  this  gage  when  subject  to 
high  intensity  blast  loadings.  The  paper  was 
prepared  in  conjunction  with  those  being  presented 
by  Dr  Riley  Chung  and  Dr  Anthony  Bur  entitled 
"Laboratory  Evaluation  of  an  NBS  Polymer  Soil  Stres 
Cage,"  and  "Development  of  a  Polymer  Pressure  Gage 
with  Temperature  Compensation,"  respectively. 


INTRODUCTION 

background 

The  Air  Force  Armament  Laboratory  (AFATL)  has 
responsibility  within  the  Air  Force  for  the 
lethality  evaluation  of  conventional  munitions 
against  ground  and  air  targets.  Hardened,  high 
value  targets  such  as  radar  sites,  airfields,  and 
command  and  control  centers  represent  high  priority 
threats  in  a  tactical,  scenario,  and  are  consequently 
of  considerable  importance  in  current  Air  Force 
munition  development  programs.  Part  or  the 
engineering  knowledge  necessary  to  evaluate  the 
lethality  of  conventional  munitions  against  high 
value  targets  includes  near-field  explosive  blast 
effects  against  concrete  structures.  Problems 
presently  exist  with  the  methods  of  measuring  blast 
impulse  and  pressures  on  underground  structures. 

For  example,  gages  must  be  placed  on  mounting 
brackets  inserted  in  holes  drilled  through  the 
structure  wall.  As  a  result,  the  structure  Is 
weakened.  A  need  exists  to  develop  a  flush  mounted 
pressure  gage  that  permits  the  measurement  of  blast 
loads  on  a  burled  structure.  In  turn  this  will 
lllow  accurate  vulnerability  evaluations  to  be  madr 
■f  structural  targets  attacked  with  massive  unitary 
-arheads  without  weakening  the  targets  with  the 
nstrumentatlon. 


In  response  to  this  need,  the  USAF  Armament 
I  iboratory  and  the  National  Bureau  of  Standards 
jointly  developed  a  flush  mounted  pressure  gage  to 
measure  dynamic  blast  pressure  in  a  soli  medium,  as 
well  as  at  a  soil  and  concrete  Interface.  The 
polyear  gage  is  shown  In  figure  3.  It  is  made  from 
four  sheets  of  PVDF  t'hioh  have  been  laminated 
together  using  epoxy.  The  inner  two  sheets  (12.0  up 
thick)  contain  active  areas  on  which  aluminum 
electrodes  have  been  deposited.  The  outer  two 
layers  (25.0  j#n  thick)  serve  as  protection  for  the 
inner  two  so  that  the  gage  can  be  used  in 
environments  requiring  mechanical  ruggedness.  The 
overall  thlcknesn  of  the  transducer  Is  approximately 
0.35  mm.  Prior  to  lamination  the  electroded  regions 
are  made  piezoelectrically  active  by  poling  them  at 
room  temperature  with  an  electric  field  of  2.0 
mv/cm.  The  active  areas  are  then  laminated  face-t.- 
face  so  that  the  polarization  vectors  in  each 
element  point  in  opposite  directions.  In  this 
bi laminate  pattern,  the  ground  electrodes  are  on  the 
exterior  surface  and  the  Inner  electrodes  carry  the 
signal  potential.  This  paper  describes  the  results 
of  field  testing  the  gage  at  Eglin  AFB  range 
facilities. 


Objective  and  Approach 

The  objective  of  the  field  tests  was  to  evaluate 
the  gage  in  the  fields  environment  when  dynamically 
loaded.  The  loading  of  the  gages  was  accomplished 
with  explosive  charges  detonatod  at  different 
distances  Trom  the  emplaced  gages.  Two  PVDF  gages 
were  attached  to  a  burled  concrete  wall  and  two  were 
placed  in  free  soil  near  the  explosive  charge.  All 
test  gages  were  calibrated  in  the  laboratory  up  to 
1000  psi.  With  this  limitation  on  the  dynamic 
range,  the  field  tests  were  designed  to  encompass 
pressure  leading  up  to  500  psi. 

EXPERIMENTAL  PROCEDURES 
Test  Configuration 

Two  successful  field  tests  took  place.  Both  tests 
took  place  in  the  same  geographic  location.  The 
test  setups  are  shown  in  Figures  1  and  2.  Both 
figures  show  a  plan  and  side  vie;'  of  a  buried  1/3 
scale  reinforced  concrete  structure.  The  figures 


show  the  different  standoffs  each  gage  has  in 
respect  to  the  charge.  All  gage's  sensing  elements 
were  buried  at  the  same  depth,  28.0  Inches  below  the 
top  surface  of  the  burled  structure.  The  5  foot 
compacted  fill  over  the  structure  in  the  teat  area 
was  removed  sc  as  to  maintain  uniform  depth  of 
burial.  The  gage  sensing  elements  were  positioned 
roughly  perpendicular  to  the  charge.  Thus 
reflective  pressure  was  expected.  Four  gages  were 
used  during  each  test.  Two  were  placed  in  the  free 
field,  and  two  were  attached  to  the  exterior  wall  of 
the  burled  concrete  structure.  The  two  gages  placed 
in  the  so* 1  were  positioned  to  thw  proper  depth  and 
hand  compacted  to  allow  free  field  movement.  The 
remaining  two  gages  were  attached  to  exterior  wall 
of  the  concrete  structure  by  positioning  to  the 
proper  depth  and  taping  them  directly  to  the  wall 

with  reinforced  nylon  st-aping  tape.  The  sensing 
element  of  PI  gage  waa  placed  2.0  Inches  to  the 
left  of  a  perpendicular  line  drawn  from  the  charge 
to  the  concrete  wall  and  the  sensing  element  of  P2 
gage  was  2.0  Inches  to  the  right  of  the  sane  line. 
The  soil  was  composed  of  fine,  uniform  sane  with  a 
void  ratio  of  approximately  0.7  and  a  unit  weight  of 
approximately  104.0  pounds  per  cubic  foot.  The  sand 
was  dry  with  some  moisture  during  the  day  of  the 
tests.  Swl3s  Hammer  tests  indicated  the  concrete 
wall  compressive  strength  was  6300  psl.  Photo  1 
shows  the  two  gages  Installed  against  the  concrete 
wall.  The  soil  was  carefully  backfilled  and  brought 
back  to  normal  compaction  conditions  before  each 
test.  Photo  2  shows  the  layout  of  the  test.  The 
hole  in  the  soil  shows  the  position  of  the  charge. 

Explosive  Charge 

All  charges  were  fabricated  by  forming  composition 
C-4  explosive  Into  a  sphere  weighing  two  pounds. 

Each  charge's  center  of  gravity  was  positioned  at  a 
depth  of  28.0  inches  (same  level  as  the  sensing 
elements  of  the  gages). 

Instrumentation 

The  four  gages  were  attaohed  to  RG-62  coaxial 
cable  which  ran  approximately  300  feet  to  the 
following  recording  sequence: 


1.  PCB  463A  Charge  Amplifier 

2.  VR  37000-Wide  Band  Group  II-Frequency 
Modulator  Tape  Recorder 

3.  Bell  and  Howell  5-133  Oscillograph 

4.  Hewlett  Packard  5180  Mavaform  Recorder 

5.  Hewlett  Packard  9825  Computer 

6.  Hewlett  Packxrd  four-pen  plotter 


When  the  charge  was  detonated  a  loading  was  placed 
through  the  soil  and  Impacted  the  concrete  wall. 

The  gage  reacted  from  being  compressed  causing  an 
electrical  signal  to  move  through  the  cable  to  the 
aharge  amplifier.  At  this  point,  the  signal  Is 
amplified  and  moved  to  the  frequency  modulator  and 
oscillograph.  The  oscillograph  allows  a  quick  look 
at  the  wave  form.  The  frequency  modulator  stores 
the  signal  on  antilog  tape.  At  this  point,  the 
signal  is  transferred  from  the  tape  to  the  computer 
where  its  software  calculates  the  pressure-time 
history  ourve  and  impulse.  Peak  pressure  and 
Impulse  are  also  determined  by  the  computer  program. 
This  data  is  then  plotted  for  permament  record. 


Teat  Results 

Before  each  test  two  pressure  measurements  were 
predicted  for  eaoh  polymer  gage  location.  The 
predictive  equations  used  were  developed  at 
Southwest  Research  Institute  (Reference  3)  and  US 
Army  Engineer  Waterways  Experiment  Station 
(Reference  4).  The  following  tables  indicate  the 
pressures  predicted  and  the  pressures  measured  at 
the  individual  polymer  gage  location. 

TEST  1 


Gage 

Predictive  Pressure  (PSD 

Polymer  Gage 

No 

SWRI 

WES 

(PSD 

PI 

20 

17 

89 

P2 

20 

17 

42 

P3 

102 

102 

89 

?4 

375  439 

TEST  2 

413 

Gage 

Predictive  Pressure  (PSD 

Polymer  Gage 

NO 

SWRI 

WES 

(PSI) 

PI 

41 

37 

40 

P2 

41 

37 

29 

P3 

102 

102 

101 

P4 

375 

439 

a 

a 

Gage  saturated, 

No  data. 

SUMMARY  and  CONCLUSIONS 

1.  The  test  results  Indicate  that  the  polymer  gages 
parform  well.  As  presented  in  the  tables,  the 
pressures  obtalnad  arc  reasonably  dost  to  predicted 
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values  for  the  soil  type,  standoff,  depth  of  burial, 
and  charge  weight. 

2.  Figure  4  indicates  the  relationship  between  peak 
stress  and  scaled  range  for  free-field  data  and 
interface  pressure  data  on  the  concrete  wall.  The 
graph  of  the  test  data  falls  in  the  region  of  each 
of  the  predictive  equation  curves  using  the  sane 
criteria.  Therefore  the  accuracy  of  the  polymer 
gages  is  comparable  with  the  accuracy  of  the  PCB 
gages  used  by  Southwest  Research  Institute  and  the 
WES-SE  gages  used  by  US  Army  Engineer  Waterways 
Experiment  Station. 

3.  The  gage  design  offers  unlimited  use  as  a  flush 
mounting  gage.  The  gage  was  extremely  easy  to 

j natal  1  and  would  result  in  no  structural  damage  to 
any  structure  due  to  installation.  Placement  of  the 
gage  in  free-field  was  unconstrained.  No  special 
mounting  support  was  required.  The  gage  design 
further  offers  the  flexibility  and  feasibility  to 
build  the  gage  with  any  aspect  ratio  and  shape 
required  for  its  specific  use. 

4.  The  tests  showed  that  the  gage's  construction 
was  rugged.  Thus  allowing  the  gages  to  be  dropped, 
bent,  and  handled  not  so  carefully  yet  continue  to 
be  operatlonable. 

5.  The  laboratory  tests  indicate  the  polymer  gage 
will  be  as  operatlonable  in  wet  soil  as  it  is  in 
dry  soil. 

6.  The  polymer  gage  has  a  fast  response  time  and 
produces  a  clear  signal.  Thus  the  gage  performs 
well  in  the  dynamic  soil  loading  case  Tor  both  free- 
field  and  interface  with  concrete  measurements. 

7.  The  polymer  gage  is  more  flexible,  easier  to 
install  and  use,  and  rugged  in  design  than  existing 
gages  used  for  the  same  purpose. 

8.  Finally,  by  no  means  do  two  field  tests  indicate 
final  conclusions  in  regards  to  gage  accuracy. 
However  the  gage  results  from  the  field  tests  were 
encouraging.  Additional  tests  should  be  conducted 
including  comparison  of  the  polymer  gage  to  other 
ground  shock  gages,  as  well  as  expanding  the  dynamic 
range  of  the  measurements. 
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ABSTRACT 

Previous  analyses  of  the  accuracy  of 
analog-to-digital  converters  by  Stough  and 
this  author  used  simulated  gauge  records 
for  a  particular  record  from  the  MISERS 
BLUFF  test  series.  To  increase  our  under¬ 
standing  of  the  accuracy  of  converters, 
accelerometer  records  from  a  small  gauge 
calibration  test  have  been  analyzed.  This 
paper  will  show  that  12  and  16  BIT  systems 
can  produce  very  high  accuracies,  using 
only  a  small  percent  of  the  full  scale 
range  of  the  system.  Eight  BIT  systems 
may  produce  as  much  as  10  percent  error  in 
final  displacement,  using  the  entire  full 
scale  range.  Six  BIT  systems  produce  very 
large  errors  in  velocity  and  displacement 
even  when  the  entire  full  range  of  the 
system  is  used. 

INTRODUCTION 

In  recent  years,  some  organizations 
have  collected  blast  data  in  digital  form 
directly  in  the  field,  rather  than  con¬ 
verting  analog  records  in  a  laboratory. 
This  permits  experimenters  to  quickly 
process  and  display  their  results.  Data 
systems  can  be  adjusted  and  follow-on 
tests  can  proceed  more  rapidly. 

Previous  analyses  of  the  accuracy  of 
analog-to-digital  converters  by  Stough 
(Ref.  1)  and  this  author  (Ref.  2)  used 
simulated  gauge  records  for  a  particular 
record  from  the  MISERS  BLUFF  test  series. 
To  increase  our  understanding  of  the 
accuracy  of  converters,  four  accelerometer 
records  from  a  small  gauge  calibration 
test  have  been  analyzed.  These  records 
wern  provided  to  me  by  Mr.  R.  C.  Baer  of 
the  University  of  New  Mexico  and  are  shown 
in  Figures  1  through  4. 

All  successive  approximation  analog- 
to-digital  (A/D)  converters  have  an 
inherent  quantization  error  of  iS  least 
significant  BIT(LSB) .  The  LSB  is  defined 
as  the  full  scale  range  divided  by  2  to 
the  power  of  the  number  of  BITS.  Thus,  a 
six  BIT  system  has  an  inherent  quantization 
error  of  ±0.784.  This  assumes  that  the 


experimenter  can  exactly  predict  the 
necessary  range  of  his  data  and  use  100% 
of  the  full  scale  range.  If  he  uses  only 
10%  of  the  full  scale  range,  his  error  is 
ten  times  larger  (i7.8%). 

When  accelerometer  records  are 
integrated  to  obtain  velocities  and  dis¬ 
placements,  the  errors  produced  can  far 
exceed  the  inherent  quantization  errors. 
Stough  (Ref.  1)  analyzed  a  simulated 
MISERS  BLUFF  gauge  record  and  incorrectly 
concluded  that  only  a  14  BIT  word  size 
would  be  sufficiently  accurate  for  single 
and  double  integration  of  blast  data. 

This  author  analyzed  a  simulation  of  the 
same  record  (Ref.  2)  and  concluded  that 
5%  accuracy  in  displacements  is  possible 
from  8  BIT  accelerometer  data,  using  80% 
of  the  available  range. 

ANALYSIS  OF  FOUR  GAUGE  RECORDS 

The  previous  analysis  assumed  that 
experimenters  would  be  v.’illing  to  use  80% 
of  the  full  scale  range.  It  was  also 
based  on  the  use  of  a  simulated  gauge 
record.  It  did  not  answer  two  questions: 
Does  the  conclusion  hold  for  real  gauge 
records?  How  much  of  the  full  scale  range 
must  be  used  to  get  adequate  results? 

To  answer  these  questions,  this 
author  analyzed  the  four  records  provided 
by  Baer.  The  records  were  digitized  on  a 
computer  with  40  BIT  precision,  and  then 
truncated  to  achieve  desired  accuracy.  In 
equation  form,  this  operation  can  be 
written: 

Digital  Value  »  Digital  Increment  x  Integer 
(Analog  Value/Digital  Increment  +>j) 

The  value  of  the  digital  increment  was  the 
full  scale  range  divided  by  2  to  the  power 
of  the  number  of  BITS:  1000  data  pairs 
were  used  for  each  record.  For  each 
record,  the  errors  were  computed  for  6,  8, 
12,  and  16  BITS  and  for  ratios  of  signal 
amplitude  to  full  scale  range  of  0.01  to 
0.99. 
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Tables  1,  2,  and  3  summarize  the 
results  of  the  error  analysis.  The  values 
in  the  tables  were  obtained  from  72  graphs 
of  percent  error  vs.  signal  amplitude. 

Since  the  tables  were  assembled  from 
graphical  data  rather  than  printed  values, 
only  one  significant  figure  is  used  for 
each  value.  Percent  error  does  not  mono- 
tonically  decrease  as  the  ratio  of  signal 
amplitude  to  full  scale  range  increases. 
There  are  many  local  maximumB  and  minimums 
for  each  record.  The  tables  do  not  show 
local  minimuma,  but  instead  show  the  maxi¬ 
mum  error  when  at  least  that  fraction  of 
the  full  scale  range  is  used. 

Peak  velocity  (Table  1)  was  always 
adequately  computed  by  12  and  16  BIT 
systems.  Eight  BITS  provided  sufficient 
accuracy  (4%  error)  when  50%  of  the  full 
scale  range  was  used.  Six  BITS  was  always 
unsatisfactory  for  record  MN08 . 

Peak  displacement  (Table  2)  had  only 
small  errors  for  12  and  16  BIT  systems. 
Eight  BIT  systems  were  adequate  when  70% 
of  the  full  scale  range  was  used.  Six  BIT 
systems  could  not  provide  sufficient 
resolution  for  records  MN07  and  MN08. 

Final  displacements  (Table  3)  were  the 
most  severe  test  of  A/D  systems.  Twelve 
and  16  BIT  systems  always  proved  to  be 
satisfactory.  Eight  BITS  produced  10% 
error  for  record  MN07  even  when  the  entire 
full  scale  range  was  used.  Six  BIT  systems 
failed  to  provide  adequate  resolution  for 
records  MN07,  MN08,  and  MN17. 

CONCLUSIONS 

Assuming  that  the  four  selected 
records  are  typical  of  blast  applications, 
one  could  draw  the  following  conclusions: 

1 .  The  records  from  6  BIT  systems 
cannot  be  singly  and  doubly  integrated  with 
sufficient  accuracy  to  adequately  describe 
velocities  and  displacements. 

2.  When  70%  of  the  full  scale  range 
is  used,  accurate  peak  velocities  and  peak 
displacements  can  be  derived  from  8  BIT 
accelerometer  data. 

3.  Accurate  velocities  and  displace¬ 
ments  can  be  obtained  from  12  BIT  systems 
even  when  as  little  as  10%  of  the  full 
scale  range  is  used. 
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TABLE  1 

Percent  Errors  In  Peak  Velocity 


Fraction  of  Full 
Range  Used 


Number  of  Bits 


Record 


%  Errors  in  Peak  Velocity 


MN  07 
MN  08 
MN  10 
MN  17 


MN  07 
MN  08 
MN  10 
MN  17 


MN  07 
MN  08 


MN  10 
MN  17 


MN  07 
MN  08 


MN  10 
MN  17 


2 

0.3 

0.8 

2. 

2. 

4. 

8. 

4 

0.4 

0.4 

0.4 

1 . 

1 . 

1  . 

02 

0.02 

o 

o 

to 

0.05 

01 

.01 

.01 

.01 

01 

.  02 

.02 

.03 

02 

.03 

.06 

.06 

0006 

.001 

.001 

.002 

002 

.002 

.002 

.006 

0005 

.001 

.002 

.002 

001 

.002 

.002 

.002 

TABLE  2 

Percent  Errors  In  Peak  Displacement 


Number 
of  Bits 


Record 


Fraction  of  Full  Scale  Range 
Used 


%  Errors  in  Peak  Displacement 


N  6 

MN  07 

MN  08 

MN  10 

MN  17 

90 

10 

3. 

2. 

100 

20 

3. 

2. 

100 

40 

7. 

4. 

300 

50 

40 

10 

300 

50 

100 

50 

i  . 

1-  8 

MN  07 

2. 

4. 

10. 

20. 

200 

MN  08 

1 . 

1  . 

2. 

4. 

40. 

MN  10 

2. 

2. 

2. 

3. 

7. 

MN  17 

1 . 

1 . 

2. 

3. 

8. 

MN  07 
MN  08 


MN  10 
MN  17 


C.1 

0.1 

0.1 

0.1 

0.01 

0.01 

0.01 

0.01 

0.04 

0.1 

0.1 

Ool 

0.02 

0.05 

0.07 

0.07 

MN  07 
Mfl  08 
MN  10 
MN  17 
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CALIBRATION  TESTS  OF  PRESSUREMETER  IN  CLAY 
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ABSTRACT 

A  calibration  chamber  has  the  unique  capability 
of  subjecting  a  soil  sample  to  known  stress  history 
and  boundary  conditions .  Although  the  technique  has 
been  used  with  success  in  cohesionless  soils,  Its  use 
in  cohesive  soils  Is  unprecedented.  This  paper 
presents  the  laboratory  equipments  built  to  perform 
chamber  calibration  tests  of  model  pressuremeters  In 
clay.  Due  to  the  cohesive  nature  of  clay  soils,  spe¬ 
cial  considerations  are  necessary  to  insure  that  the 
test  Is  performed  under  favorable  conditions.  Those 
Include  procedures  of  constructing  high  quality  clay 
specimens,  optimum  sizes  of  the  sample,  and  tech¬ 
niques  for  pore  pressure  measurements.  A  double-wall 
calibration  chamber  which  can  accommodate  a  clay  sam¬ 
ple  20  cm  In  diameter  and  34  cm  high,  a  slurry  conao- 
lldometer,  needle  piezometers,  and  scaled  down  model 
pressuremeters  are  described.  The  perf  or -mnee  of 
this  experimental  system  Is  evaluated  based  on  prel¬ 
iminary  test  results. 


INTRODUCTION 

A  research  program  on  "Fundamental  Aspects  of 
Pressuremeter  Testing"  Is  underway  at  Pirdue  Univer¬ 
sity.  The  goal  of  this  study  Is  to  determine  why  and 
how  the  nature  and  characteristics  of  different  soils 
can  explain  their  response  under  the  loading  condi¬ 
tions  Imposed  by  the  pressuremeter.  Phase  I  of  the 
research  Involves  a  series  of  chamber  pressuremete r 
tests  In  cohesive  soils  under  known  stress  history 
and  boundary  conditions.  A  calibration  chamber  sys¬ 
tem  has  teen  designed  and  built  to  perform  these 
tests. 

The  aim  of  this  paper  Is  to  present  the  capabil¬ 
ities  and  features  of  the  calibration  chamber  system, 
Including  the  pore  pressure  monitoring  devices  and 
the  scaled  down,  single  cell,  model  pressuremeters. 
Preliminary  resultB  are  used  to  evaluate  the  perfor¬ 
mance  of  the  system  and  future  Improvements  are  indi¬ 
cated. 

PREVIOUS  EXPERIENCE  IN  CHAMBER  TESTING 

There  are  basically  two  alternate  designs  for 
calibration  chambers,  rigid-wall  (such  as  a  test  pit) 
or  flexible-wall  chamber.  The  rigid-wall  chamber 


imposes  a  boundary  condition  corresponding  to  zero 
lateral  strain.  To  minimize  the  effects  of  this 
boundary  condition,  the  sample  size  must  be  signifi¬ 
cantly  larger  than  that  of  the  device  to  be 
calibrated  (Chapman,  1974).  Therefore,  testing  is 
coctly  and  time  consuming. 

In  a  flexible-wall  chamber,  the  sample  la 
encasad  in  a  soft  membrane  and  confined  with  air  or 
watar.  It  provides  several  typas  of  boundary  condi¬ 
tions  (Tabla  1)  which  makes  the  simulation  of  field 
tests  possible,  even  with  relatively  small  samples. 
Several  large  scale  calibration  chambers  of  this  type 
have  teen  built  throughout  the  world  (Bellotl  et  al., 
1982,  Jewell  et  al.,  1980,  Chapman,  1974,  and  Laler 
et  al.,  1975).  These  chambers  were  used  primarily  to 
perform  calibration  tests  In  sands.  The  sand  was 
deposited  Into  the  chamber  through  a  carefully  con¬ 
trolled  pluvial  process  to  provide  a  highly  reprodu¬ 
cible  and  uniform  sample  with  a  desired  density. 
Diameters  of  1  to  1.5  meters  and  heights  of  leas  than 
2  meters  were  the  usual  dimensions  of  these  samples. 

A  CHAMBER  SYSTEM  FOR  CLAYS 

The  main  capability  of  this  system  Is  to  create 
a  uniform  and  reproducible  cohesive  eoll  sample 
around  a  testing  device,  such  as  a  pressuremeter, 
with  known  stress  conditions  and  essentially  no  soil 
disturbance.  The  time  required  to  consolidate  clay 
samples  is  cruers  of  magnitude  longer  then  for 
sands.  In  addition,  the  handling  of  a  large  clay 
sample  comparable  to  the  ones  mentioned  above  would 
be  difficult  if  not  Impossible.  Thus,  It  was  decided 
to  build  a  small  scale  chamber  system  end  to  use 
scaled  down  rodel  pressuremeters.  The  design  was 
based  on  a  sample  size  of  20  cm  In  diameter  and  34  cm 
In  height.  The  experimental  system  consists  of  s 
slurry  consolldometer,  a  double  well  calibration 
chamber,  model  pressuremeters,  and  needle  piezome¬ 
ters. 

The  basic  concept  behind  this  design  is  to  con¬ 
solidate  a  clay  sample  In  two  atages.  During  tha 
first  stage,  the  slurry  Is  consolidated  Into  a  clay 
sarple  Inside  the  consolldometer.  This  technique  Is 
known  to  provide  high  quality  samples  of  cohesive 
soils  (Krleek  and  Sheeran,  1970).  Following  the  con¬ 
solldometer  stage,  the  sample  la  placed  In  a  chamber 
and  consolidated  co  a  higher  pressure.  A  model  praa- 
suremeter  and  needle  piezometers  ere  Inserted  In  the 
slurry  before  consolidation.  Since  there  Is  no  need 
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of  boring  the  coll  for  pressuremeter  Inssrtion,  the 
main  source  of  soil  dlstur  bancs  la  eliminated.  The 
pressuremeter  teat  follows  laawdlately  after  consoll- 
dation.  Detalla  of  thaae  equipments  and  techniques 
are  described  In  the  following  sections. 

The  Slurry  Consolldometer 

This  device  (Figure  1)  la  used  to  consolidate  a 
slurry  fro*  an  Initial  maximum  height  of  90  cm  to  a 
final  height  of  slightly  more  than  34  cm.  It  la  made 
of  a  nickel  plated  steel  pipe  with  two  compartments. 
Both  compartments  have  sn  Inside  diameter  of  20  cm. 
A  pressuremeter  la  fattened  to  the  center  of  a 
chamber  top  cap  together  with  five  needle  piezome¬ 
ters.  This  top  cap  la  placed  at  the  bottom  of  Che 
lower  compartment  aa  a  base.  A  filtered  piston 
placed  on  top  of  the  slurry  la  pressad  by  a  1  ton 
capacity  rolling  diaphragm  piston. 

The  lower  compartment  has  the  same  height  as 
the  soil  sample  after  consolidation  (34  cm).  It  Is 
split  longitudinally  Into  two  halves  which  are  bolted 
together.  The  Interior  la  lined  with  a  sheet  of 
sandpaper  facing  a  rubber  membrane.  The  sandpaper 
prevents  slippage  of  the  membrane  caused  by  adhesion 
between  clay  and  membrane  as  consolidation  proceeds. 
The  upper  compartment  which  provides  additional  space 
for  the  slurry  In  the  early  stage  of  consolidation  Is 
bolted  to  the  lower  one.  The  rubber  membrane  extends 
out  of  the  lower  coog>artment  and  provides  a  sealing 
between  the  two. 

Upon  completion  of  slurry  consolidation,  the 
sample  Is  confined  In  the  lower  compartment  and 
encased  In  the  rubber  membrane.  This  arrangement 
eliminates  the  need  of  trimming  the  sample  and  there¬ 
fore  minimizes  the  chance  of  disturbance. 

The  Double  Hall  Calibration  Chamber 

The  double  wall  calibration  chamber  Is  shown  in 
Figure  2.  The  device  can  accommodate  a  sample  20  cm 
In  diameter  with  a  maximum  height  of  34  cm.  Figure 
3  shows  the  arrangement  of  the  calibration  chamber 
and  Its  control  system.  The  vertical  stress  la  pro¬ 
vided  by  a  piston  at  the  bottom  of  the  chamber.  This 
piston  has  the  same  diameter  aa  that  of  the  sample. 

sample  Is  encased  In  a  0.0635  cm  thick,  custom 
aade  latex  membrane.  The  annular  space  between  the 
sample  and  the  chamber  wall  Is  filled  with  desired 
water.  Since  both  ends  of  the  sample  are  Isolated 
from  the  cell  water,  the  stresses  In  the  vertical  and 
horizontal  directions  can  be  controlled  Indepen¬ 
dently.  Porous  discs  are  placed  at  both  ends  of  tha 
sample  to  permit  double  drainage.  The  chamber  is 
Installed  In  a  constant  temperature  room.  The  varia¬ 
tion  of  teaperature  In  this  room  la  less  than  1°F. 


Four  different  boundary  conditions  (Table  1)  can 
be  Imposed  on  a  soil  sample.  The  condition  of  zero 
vertical  strain  can  be  Imposed  by  locking  the  piston. 
The  condition  of  zero  lateral  strain  Is  maintained  by 
balancing  the  chamber  cell  pressure  and  that  between 
the  two  walls,  while  locking  the  cell  drainage.  The 
balanced  pressure  Insures  a  stationary  position  of 
the  Inner  wall  (Figure  2)  end  simulates  a  rigid  sys¬ 
tem. 


Note  that,  with  the  boundary  condition  BC3 
(Table  1),  a  sample  can  be  consolidated  under  a 
condition.  The  lost  of  sample  volume  due  to  consoli¬ 
dation  Is  replaced  by  the  piston  movement,  therefore 
allowing  consolidation  In  the  vertical  direction 
only. 


Table  1.  Boundary  Conditions  In 
e  Calibration  Chamber  Testa. 

1.  BC1:  constant  vertical  stress  and  constant 

lateral  etrees. 

2.  BC2:  zero  vertical  strain  and  zero  lateral 
strain. 

3.  BC3:  constant  vertical  stress  and  zero 

lateral  strain 

4.  BC4 :  zero  vertical  strain  and  constant 
lateral  stress. 


FiflUPB  I  SCHEMATIC  DIAGRAM  OF  THE 
CONSOLIDOMETER  FOR 
CHAMBER  TEST  SAMPLES 
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Figure  2  OVERVIEW  OF  THE  DOUBLE 

WALL  CALIBRATION  CHAMBER. 
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The  Model  Pressurcmeters 

Two  single  cell,  water  Inflated  model  pressurem- 
otera  were  built  for  the  research,  figure  4  shows  a 
schematic  diagram  of  the  model  pressuremeter.  The 
measurement  probe  (central  suction  of  the  pressureme- 
ter)  has  a  diameter  of  l  .11  cm  and  a  length  of  11. 1 
cm.  Latex  tubing  of  1.11  cm  O.D.  and  0.24  cj  wall 
was  utilized  as  the  probe  membrane. 

The  design  concept  of  the  model  pressu remeters 
is  similar  to  a  commercial  single  cell  pressuremeter 
made  by  0Y0  Corporation,  Tokyo,  Japan  (Suyama  et  al., 
1982).  It  recognizes  that  head  losses  occur  ay  the 
fluid  Is  forced  to  flow  through  tubings  and  fittings 
before  it  reaches  the  probe.  Thus,  in  order  to 
obtain  accurate  pressure  readings  It  is  essential  to 
measure  the  fluid  pressure  within  the  measurement 
probe.  Ti  achieve  this,  the  pressuremeter  is 
equipped  with  a  piezometer  which  extends  to  the 
center  of  the  probe.  The  piezometer  is  connected 
directly  to  a  pressure  transducer  (Figure  4). 

The  pressuremeter  test  can  be  performed  either 
stress  controlled  or  strain  controlled.  In  the  case 
of  stress  controlled  test,  the  volume  change  of  the 
preeauremeter  probe  Is  monitored  by  a  glass  burette 
with  a  sensitivity  of  0.03155  cm  /cm.  An  Increase  of 
10Z  of  the  probe  radius  would  correspond  to  a  drop  of 
burette  reading  of  72  cm.  For  strain  controlled 
pressuremeter  tests,  the  fluid  is  pumped  into  the 
probe  by  a  high  accuracy  flow  pump  system  similar  to 
the  one  proposed  by  H.W.  Olsen  (Yoo,  1984). 

The  Needle  Piezometers 

Five  miniature  piezometers  were  specially 
designed  to  monitor  the  variation  of  pore  pressure 
within  the  soil  sample  during  s  test.  They  are 
installed  at  distances  of  0.3  to  9  cm  from  the  pres¬ 
suremeter.  The  piezometer  tips  are  at  the  same  level 
as  the  center  of  the  pressuremeter  probe.  Each 
piezometer  consists  of  a  0.0762  cm  O.D.  stainless 
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Figure  3  ARRANGEMENT  OF  THE  CALIBRATION  CHAMBER. 
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■tcel  tubing  soldered  to  *  transducer  port.  The  tip 
of  the  plecoaater  It  filtered  with  strings  of  very 
fine  bronce  fiber.  The  transducer  ports  were  custoe 
wide  to  minimise  the  voluam  of  fluid  In  the  sensing 
system  All  the  transducer  ports  cogsther  with  the 
nodal  pressuremeter  are  fastened  to  the  top  cap  of 
the  chamber. 

PERFORMANCE  OF  THE  SYSTEM 

Before  making  extensive  use  of  this  new  equip¬ 
ment  In  the  research,  a  preliminary  testing  program 
Is  currently  (December,  1984)  underway  to  asses  the 
performance  of  the  different  components  of  the  sys¬ 
tem.  A  chamber  pressuremeter  teat  has  bean  per¬ 
formed  using  Georgia  krollnlte  (specific  grav¬ 
ity-2.57,  PL-28,  LL-63).  Powdered  kacllnlte  was 
mixed  with  deal  red,  delonlced  water  to  form  a  slurry 
with  a  water  content  of  150  2.  The  alurry  which  had 
an  Initial  height  of  7 t  cm  in  the  consolldomgter,  was 
consolidated  under  a  pressure  of  2.25  kg/cm  .  Upon 
completion  of  the  first  atege  consolidation.  It  was 
placed  In  the  chamber  2and  saturated  under  a  back 
pressure  of  7  kg/cc  .  Consolidation  of  the  sample 
was  performed  under  a  K  condition  following  the  pro¬ 
cedures  suggested  by  Caepanella  end  Veld  (1972).  The 
vertical  (piston)  and  horizontal  (cell)  pressure! 
were  Increased  to  9.84  kg/ca  simultaneously.  Double 
drainage  we«  then  allowed  while  maintaining  the  boun¬ 
dary  condition  BC3  (Table  1)  under  a  back  pressure  of 
7  kg/ca  .  The  cell  pressure  (sample  lateral  stress) 
decreased  as  consolidation  continued  and  stabilised 
at  the  end  of  consolidation.  The  degree  of  consoll- 
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Figure  4  SCHEMATIC  DIAGRAM  OF 

THE  MODEL  PRESSUREMETER 


datlon  was  monitored  by  taking  pore  pressure  readings 
through  needle  piezometers  extended  to  the  tenter  of 

the  sample. 

A  stress  controlled  pressuremeter  test  wa»  per¬ 
formed  immediately  after  consolidation.  The  boundary 
condition  BC4  (Table  1)  was  applied  during  the  teat 
by  maintaining  the  lateral  stress  reached  at  the  end 
of  consolidation.  The  probe  pressure  was  Increased 
In  two  minute  Intervals. 

Sixteen  days  were  required  to  complete  the  test, 
8  days  for  slurry  consolidation,  and  8  days  for 
chamber  saturation,  consolidation,  end  pressuremeter 
test.  The  ‘  lurry  consolidation  can  be  conducted 
simultaneous',  with  chamber  testing  and  thus,  two 
tests  can  be  completed  In  16  days.  The  sample  weighs 
approximately  20  kg  end  la  easily  portable  while  con¬ 
fined  in  the  lower  compartment  of  the  slurry  consoll- 
dometer. 

At  the  end  of  chamber  consolidation  end  pres¬ 
suremeter  test,  samples  were  taken  from  different 
locations.  Averaged  water  contents  in  a  range  of 
42 .92  to  43.62  were  obtained.  There  was  no  clear 
trend  nf  water  content  variation  as  a  function  of 
distance  to  the  prebsureoeter  or  locations  within  the 
sample.  These  water  contents  ere  essentially  the 
same  as  thoce  recorded  during  K  triarLal  testa  per¬ 
formed  earlier.  The  triazlal  tests  used  the  same 
kaollmte,  consolidated  under  the  same  procedures. 
The  water  content  measurements  show  that  the  chamber 
consolidated  sample  is  uniform  and  the  procedures 
should  be  repeatable  as  indicated  by  comparing  with 
previous  date. 

It  la  well  recognised  that  significant  soil  dis¬ 
turbance  la  very  difficult  to  avoid  In  field  tests 
even  with  the  self-boring  pressuremeter.  The  distur¬ 
bance  can  cause  variations  In  horlsontal  stress  as  end 
mask  the  soil  response  under  the  pressuremeter  load¬ 
ing  conditions.  It  is  of  great  interest  to  perform 
chamber  presauremeter  tests  under  a  "disturbance 
free”  condition.  The  pressure  end  redial  strain 
values  recorded  during  the  pressuremeter  teat  art 
given  In  Figure  5  ("raw  date").  The  date  points 
represent  not  only  the  response  of  soil  under  the 
applied  pressure,  but  also  the  effects  of  the  pres- 
su remeter  system  compliance  and  membrane  stiffness. 
To  measure  these,  a  pressuremeter  test  wus  performed 
In  an  empty  chamber  under  essentially  the  seme 
lateral  stress  (cell  pressure)  end  conditions  ee  In 
the  previous  test.  The  pressures  and  radial  strains 
measured  during  this  test  ere  also  given  in  Figure  5 
("empty  test").  The  date  show  a  clear  breaking  point 
as  thj  probe  pressure  reaches  the  cell  pressure  (8.44 
kg/cm* ).  To  the  left  of  this  point,  the  curve 
corresponds  to  systea  compliance  and  the  rest  of  the 
curve  represents  asmbrane  stiffness  effects.  The 
corrected  pressuremeter  date  are  obtained  by  sub¬ 
tracting  the  "empty  test"  valuss  from  the  raw  data 
("net"  values  In  Figure  5).  The  net  pressure-strain 
curve  (Figure  5)  ihwi  e  sharp  "lift  off”  point  as 
the  probe  pressure  reaches  the  soil  lateral  stress 
(cell  pressure).  This  feature  Indicates  that  a  "dis¬ 
turbance  free"  condition,  at  least  in  a  sense  of  no 
lateral  stress  variation,  was  present  during  the 
chamber  test. 
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The  piezometers  were  located  at  distances  of 
3.12  cm  to  7.7  cm  from  the  center  of  pressuremeter 
probe.  The  pore  pressure  readings  were  found  very 
sensitive  to  the  chamber  pressure  variations.  The 
pore  pressure  variations  measured  during  the  pres¬ 
suremeter  test  are  plotted  versus  the  radial  strains 
In  Figure  6.  The  pore  pressure  increases  are  more 
significant  towards  the  probe  as  predicted  theoretl-  o 
celly  (Carter  et  el.,  1979).  Quantitative  lnterpre-  W 
taclon  of  these  pore  pressure  changes  as  a  function 
of  the  soil  characteristics  will  be  an  essential  part  u 
of  our  research  program. 

W 

Two  undesirable  features  were  noticed  during  the  <0 
chamber  test.  The  measured  K  value  of  this  normally  ^ 
consolidated  sample  was  0.53  at  the  end  of  consolida-  CL 
tlon.  This  value  was  lower  than  those  obtained  from 
K  trlaxlal  tests  (0.56)  performed  on  the  same 
material.  A  slight  bulging  was  noticed  at  the  center 
of  the  sample.  This  Is  a  strong  Indication  that  the 
sample  may  hav$  yielded  locally  during  K  consolida¬ 
tion.  For  an  Ideal  performance,  the  nefc  nreasure- 
straln  curve  (Figure  5)  should  indicate  zero  strain 
before  the  lift-off  point.  However,  the  results  F 
showed  a  positive  strain  immediately  after  the  begin¬ 
ning  nf  the  test  which  Increased  with  prc.ue  pressure. 

This  Is  most  likely  due  to  some  air  trapped  In  the 
pressuremeter  system. 


CONCLUDING  REMARKS  .  0.15 

8 

A  calibration  chamber  system  has  been  developed  2 
to  perform  model  pressureaeter  teats  In  cohesive  i 
soils.  Tl>is  system  Includes  a  slurry  consolldometer,  LJ  0.10 
a  double  wall  calibration  chamber,  scaled  down  model  Jj! 
pressuremeters,  and  needle  piezometers.  A  prelim-  -j 
lnary  test  was  performed  to  evaluate  the  performance 
of  this  system.  Based  on  the  available  experience,  Ul  ° 
the  following  conclusions  are  made:  ^ 

1.  A  uniform  sample  can  be  made  using  the  slurry  q 
and  chamber  consolidation  system.  The  complete 
consolidation  cycle  to  create  a  sample  from 
3lurry  took  approximately  lo  days. 

-0.05 

2.  The  test  result  indicated  a  clear  "lift  off"  0 

point  which  corresponds  to  the  soli  lateral 
stress.  Tills  Is  a  strong  Indication  that  a  dis¬ 
turbance  free  condition,  at  least  in  a  sense  of 

no  lateral  stress  variation,  can  be  accomplished  ^igu 
in  the  chamber. 

3.  The  performance  of  the  pore  pressure  measurement 
system  (needle  piezometers)  was  excellent.  How¬ 
ever,  further  Improvements  are  In  order  to 
Insure  complete  saturation  of  the  pressuremeter 

8ySten“  Offic. 

4.  Slight  bulging  was  noticed  at  the  center  of  the  Th^u 

sample.  It  Is  likely  that  the  bulging  was  ,e  ' 
caused  by  yielding  of  the  soli  during  chamber  r 

consolidation.  Further  considerations  should  be  *  thsl 
given  to  the  K  consolidation  process  in  the  „  °^n< 
chamber.  The  possibility  of  a  multi-stage 
chamber  consolidation  procedure  will  be  studied.  , 
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Figure  5.  PROBE  PRESSURE  vs.  RADIAL  STRAIN 
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ABSTRACT 


Various  approaches  to  description  of  motion  as 
well  as  formulation  of  the  equations  of  balance  of 
mass,  momentum,  and  energy  for  a  mixture  are  dis¬ 
cussed  with  special  reference  to  the  mechanics  of 
fluid-saturated  porous  solids. 


INTRODUCTION 


Terzaghi[56l's  theory  of  one-dimensional  consol¬ 
idation  was  extended  [AO]  to  the  case  of  variable 
material  properties  and  later  to  finite  strain  [23). 
Biot  [6-11]  proposed  theories  for  three-dimensional 
problems  of  fluid-saturated  solids  based  on  certain 
postulates.  Theories  of  interacting  continua,  based 
on  principles  of  mechanics  and  thermodynamics,  first 
proposed  by  Truesdell [ 57-59 ] ,  were  further  developed 
by  several  investigators  [  1-5, 1 3,25-32 ,36, A5]  and 
applied  to  the  problem  of  flow  of  a  fluid  through  an 
elastic  solid  [16,51,55]. 

Various  investigators  have  used  different  sets 
of  assumptions  to  develop  self-consistent  theories. 
The  notion  of  the  motion  of  the  mixture  sb  a  single 
material  Is  often  introduced.  This  is  open  to  objec¬ 
tion  except  for  certain  special  cases.  Some  lnvesti- 
gatorsfe.g..  Green  and  Naghdi)  assume  partial 
stresses  In  the  constituents  to  be  additive.  Others 
(e.g..,  Truesdell)  would  so  define  the  mechanical 
quantities  that  the  form  of  the  equations  of  the 
mixture  be  same  a3  for  a  single  material.  Still  oth¬ 
ers  consider  the  notion  of  the  partial  stresses  to 
be  irrelevent  to  the  development  of  a  consistent 
theory  for  the  mixture.  Truesdell  assumed  the  sum  of 
internal  and  kinetic  energy  of  the  mixture  to  be  the 
sum  of  all  such  quantities  for  the  constituents. 
Green  has  derived  a  relationship  between  the  ener¬ 
gies  of  the  constituents  and  that  of  the  mixture 
consistent  with  his  set  of  assumptions.  The  quanti¬ 
ties  for  which  constitutive  relations  are  required 
are  identified  by  considering  the  energy  equality. 
Different  notions  regarding  diffusive  resistance 
have  been  proposed.  Recent  work  [  1 3 , 15,42-e4 ,49 ,60] 
has  extended  these  applications  to  finite  deforma¬ 
tions  and  nonlinear  constitutive  laws.  Other  theo¬ 
ries  oi  mixtures  have  been  proposed.  Curtin] 33,36] , 


01iver[46,47] ,  Willlams[61]  and  Sampaio[50]  used  a 
different  approach  to  the  theory  of  mixtures.  In 
the  so-called  volume  fraction  theories,  in  addition 
to  usual  variables  of  classical  theory,  volume  frac¬ 
tions  of  the  constituents  are  taken  as  variables. 

In  developing  a  rational  theory  of  mixtures, 
Truesdell[59]  laid  down  the  following  'metaphysical 
principles' , 

1.  All  properties  of  mixture  must  be  mathemati¬ 
cal  consequence  of  properties  oi  the  constit¬ 
uents  . 

2.  So  as  to  describe  the  motion  of  a  constituent 
we  may  in  imagination  isolate  it  from  the 
rest  of  the  mixture,  provided  we  allow  prop¬ 
erly  for  the  action  of  the  other  constituents 
upon  it. 

3.  The  motion  of  the  mixture  la  governed  by  the 
same  equations  as  a  single  body. 

Green  and  Naghdi [ 27 ,29 ,31 ] ,  however,  used  different 
set  of  assumpr ions  in  developing  balance  laws  for 
multicomponent  mixture. 

Jr.  this  brief  review,  we  outline  various  schemes 
to  describe  the  motion  of  a  raul ti-corstituent  ma¬ 
terial  and  to  set  up  equations  of  balance  of  mesa, 
linear  momentum,  angular  momentum  end  energy.  Our 
interest  is  primarily  in  mixture  of  lomlaclble  con¬ 
stituents  so  that  the  results  might  be  applicable  to 
the  problem  of  fluid-saturated  soils.  The  relation¬ 
ship  of  quantities  associated  with  the  constituents 
and  with  the  mixture  as  a  whole  is  reviewed. 


KINEMATICS 


To  apply  the  principles  of  continuum  mechan¬ 
ics,  it  is  customary  to  regard  a  fluid-saturated 
solid  as  superposed  continua.  The  mixture  i»  de¬ 
fined  by  the  current  coincident  configurations  of 
the  constituents.  It  is  assumed  that,  in  the  current 
configuration,  each  point  la  occupied  by  a  particle 
of  each  ot  the  constituent.  This  necessitates  the 
introduction  of  'bulk'  description  of  the  materia, 
instead  of  the  'intrinsic'  description,  which  would 
apply  if  the  material  were  the  single  constituent  of 
a  body. 
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a.  Density  of  each  constituent  and  the  mixture 

For  each  constituent  to  fill  the  body,  a  'bulk' 
description  of  density  is  used  [4,5,13,16,17,18,25- 
32,42-44,48,49,54,58,60).  Thus, 

p  -  I  p(k)  CD 

where  p(*D  i8  the  bulk  density  of  the  constituent 
sC*D  i nip  is  the  density  of  the  saturated  solid.  The 
bulk  densities  are  related  to  the  intrinsic  or  true 
densities  [13,14,20,42-44,48)  as 

p(k>  .  n(k)  p(k)*  (2) 

where  n(k^  represents  the  volune  fraction  of  the  co¬ 
nstituent  s(D  in  the  current  configuration.  Conbin- 
l.ig  (1)  and  (2),  for  a  binary  mixture, 

p  .  n(k)  p(l)*  +  n(k)  p(2)*  -£n<k>p(k)*  (3) 

Terzaghl's  theory  differs  from  most  others  in  that 
n(2)  a  j  therefore,  the  solid  has  the  'buoya¬ 

nt'  bulk  density 

p(D  -p  -  p<2>* 

-  n(D  (  p(D*  .  p(2)*}  (4) 

b.  Motion  of  the  constituents 

Several  approaches  have  been  used  to  describe 
the  motion  of  constituents.  One  is  to  refar  the  mot¬ 
ion  of  each  constituent  to  its  reference  configurat¬ 
ion,  another  is  tc  refer  to  the  motion  of  each  cons¬ 
tituent  to  the  current  configuration  of  the  solid  and 
often  it  is  convenient  to  refer  to  the  current  conf¬ 
iguration  of  each  constituent.  If  xt(k)(y)  is  the 
place  occupied  at  time  r  by  the  material  particle 
described  by  X.(*D  in  the  reference  configuration 
for  the  constituent  s(k),  the  displacement  gradient 
is  [13,16,17,27] 

F1J(fc)  -  dXjOD  .  *i f  j(k>  (5) 

with 

det  1  F1;)(k>  I  >  0  (6) 

The  velocity  vectors  are  derived  from  x(*D  as 
vjOD  .  (d/Dc)  x^) 

-  (  8/bt  +  v.,(k>  e/axjW  )  x^*)  (7) 

where 

Vj(k)  -  Bx^k)/  8t  (8) 

An  F.ulerlan  description  of  motion  too  has  been  used 
115). 


The  acceleration  vector  at  time  t  for  constituent 
s<k>  is  denoted  by 


f^(k)  „  (D^kVot]  v^(k) 


Components  pf  the  rate  of  deformation  tensor,  for  the 
material  a'*D,  at  time  t  are  defined  by  [16) 

dt j(k>  -  tD<k>/Dt)  Fj j(k)  -  f D/Dt)  xA  .j<k> 

"  v(i.j)(k>  (10) 

Westmann[60]  and  others[e.g.l5)  hove  used  Eulerian 
description  of  deformation.  Vortlclty  tensor  is  the 
anti-symmetric  part  of  spatial  velocity  gradient  te¬ 
nsor  LjjCk)  and  is  represented  by 

V’  •  ‘•u.ji"0  <“> 

where  the  square  bracket  around  the  pair  of  indices 
denote  'anti-symmetric  part'.  Often,  a  mean  or  bary- 
centrlc  velocity  for  the  mixture  in  terms  of  veloci¬ 
ties  v^(k)  of  the  constituents  is  introduced  by 

vt  •  Ip^  vi'k^/p  (12) 

Atkins [4]  noted  that  the  mixture  velocity  has  no 
particular  meaning  in  continuum  mechanics.  This  is 
because  a  mixture  defined  by  (3)  is  a  set  of  centers 
of  mass  and  cannot  be  regarded  as  a  set  of  material 
particles  in  motion  [52]  except  in  th.  case  of  no 
relative  motion  between  the  constituents .  A  material 
rate,  executed  on  the  mixture  is  defined  by  [53] 

p  [D/Dt)  -  Ip(k)  [D(k>/Dt]  (13) 

Another  quantity,  found  convenient,  is  the  diffusive 
velocity.  This  is  the  velocity  of  a  constituent  rel¬ 
ative  to  that  of  the  mixture  l.e. 

ut(k>  -  vt(k>  -  Vj  (14) 

Blot [10],  for  the  case  of  binary  mixture  of  a  solid 
and  a  fluid,  introduced  a  nominal  relative  velocity 
viz. , 

-  n^2*  (vj(2^  -  VjO)  (15) 

This  and  its  invariants  were  used  by  Ghaboussi  and 
Wllson[21,22) ,  Krause[39]  and  Kenyon[37,38]  among 
others. 


BALANCE  LAWS 


a.  Treusdell's  theory 

For  each  constituent  of  the  mixture,  Truesdell 
postulated  the  balance  laws  in  point  form.  This  was, 
using  notation  of  [31], 

1.  Continuity  of  mass[59) 

(  •/  8t)  p(D  +  (  p(k-  v^ (k )  m  pc(*D  (16) 

where  p(D,  c(k)  are,  respectively ,  the  density 
and  mass  production  fraction  of  the  constituent  s(*D. 
Indices  following  the  subscripted  comma  denote  the 
spatial  derivative  with  respect  to  the  space  coordi¬ 
nates. 


(9) 


11.  Balance  of  linear  momentum[59] 


local  stress  tensor 


(8/80  (  p<k)  vA00  )  +  (  p(k>  Vj(k)  Vj(k)  )>;) 
-  tjj^  j(k)  «  pra^k)  +  p(k)  b^(k) 


clj  -Pv*  vj  -  5[t13(k)  -  P(k)  vt(k)  vj(k))  (24) 


Total  heat  flux  vector 


Here  tjj^k),  p(k)  bj(k)jjni|(k^  are,  respectively, 
the  components  of  the  partial  Cauchy  stress  tensor, 
the  body  force  vector  per  unit  mass  and  the  partial 
momentum  supply  density  for  the  constituent. 


qi  +  pvi[0  +  1/2  Vj  vj]  -  tjj  vj 


ill.  Balance  of  momentum  of  momentum [59] 


Ilqi(k)  +p(k)  vi('t)[u(k)  +  1/2  Vj<k>  v.j(k>) 
-  t^OO  Vj(k)]  (25) 


Specific  energy  supply 


tij(k)  "  tjl(k>  -  Mlj(k) 


Here  Mj,  are  components  of  the  skew-symmetric  tensor 
describing  the  partial  production  density  of  the  mome¬ 
nt  of  momentum  of  the  constituent. 


P (r  +  bt  Vi)  *  I  p(k*  [r(k)  +  bi(k>  v^k)]  (26) 


lv.  Balance  of  energy  rates [59] 


p(k)  [ D<k>/Dt ]  ll(k)  +  qt  x(k)  -  p(k)  r(k) 

“  tij(k)  v(i ,j)(k)  +  P  A  u(k)  U9) 


A  U(k)  -  c(k)  -  [  U<k>  -  1/2  vi(k)  Vl(k)  ]c(k> 


-  Vl(k>  m^k)  -  1/2  M.jfk)  Vj>1(k)  (20) 

Here  U(k),  q1(k),  r^k\  e(k)  are,  respectively,  the 
specific  internal  energy,  components  of  the  partial 
heat  flux  vector,  the  partial  energy  supply  and  the 
partial  energy  production  density  of  the  constituent 

Bowpnll21  wrntp  the  pnerov  rorp  halnnpp  omi. 


B'*'.  Bowenll2]  wrote  the  energy  rate  balance  equ 
ation  for  a  fixed  volume  In  the  form. 


(8/3t)  /p(k)  [U(>0  +  1/2  Vl<k)  Vi(k)]  dV 

+  J p(k)  (U(k>  +  1/2  Vj(k)  Vj(k)]Vj(k)  nj  dA 

’  A/ltiJ(k)  Vi<k>  "  qj(k))  nj  dA 

+  /lp(k>  r (k)+p(k)  v^lObjOO+peOO  dpv^k)  m^k) 


+  p  c (k ) {l)(k )  +  1/2  vi(k)  v^k)}  ]  dV 


Application  of  the  divergence  theorem  and  substitu¬ 
tion  of  equations  of  mass  and  linear  momentum  give 
the  point  form 


p(k)  [  D/Dt  ]  U<k  >  +  qj  /k)  -  p(k)  r(k) 

"  Cij(k)  vl,jU)  +Pe(k) 


Several  alternative  forms  of  the  above  equation  can 
be  stated  [12,59].  Truesdell  postulated  balance 
equations  for  the  mixture  as  well.  These  equations 
can  be  derived  by  summing  over  the  equations  of  the 
constituents.  Truesdell  Introduced  the  following 
quantities  to  ensure  that  the  resulting  equations 
for  the  motion  of  the  mixture  have  the  same  form  as 
the  equations  of  motion  of  a  single  constituent. 


Specific  Internal  energy  of  the  mixture 


,C[U  +  1/2  vt  Vl]  -Ip(k>  |'j(k)+  1/2  Vj(k)  vi(k))(2?) 


Further,  It  was  asumed  that  the  mixture  is 
thermodynamically  Isolated  l.e. 


I  c'k>"  0,  Jm1(k)-  Qf  IM,,(k'  -  0,  £e(k)  -  0  (: 


Summing  the  equations  of  balance  of  the  constituents 
over  all  of  them  gives,  in  view  of  the  definitions 
introuduced  for  the  total  quantities 


v.  Balance  of  mas*-  for  the  mixture 


(0P/8O  +  (p^i)fi  -  £pc(k)  "  0  ( 

vl .  Balance  of  linear  momentum  for  the  mixture 


(8/OtXpvj)  +  (  0Vl  vj)>  j  -  tj1(  j  +  X  p(k)  b1(k)(29) 

Bowen[ 12]  introduced  a  body  force  for  the  mix-ure 


pbl  JlpOO  bt(k) 


Then  the  equation  of  balance  of  linear  momentum  is 


(8/9t)  (  pvl}  +  <  pvi  Vj)>  j  „  tjli  j  +  pbt  (31) 


vli.  Balance  of  angular  momentum  for  the  mixture 


Cij  "  tjl  (32) 

l.e.  the  total  stress  tensor  Is  symmetric.  It  also 
follows  from  (23) 

I  4,00  -  X  tji(k)  (33) 

vlli.  Energy  balance  for  the  mixture 


P<D0/DO  ♦  -  tlJ  Vli) 


Pr  -  ^p(k)  [r(k)  +  hi(k)  u^k)]  (34) 


An  alternative  derivation  of  the  equations  of 
mass,  momentum  and  energy  balance  for  the  mixture 
was  presented  by  considering  a  volume  V  of  the  mix¬ 
ture  bounded  by  an  arbitrary  fixed  surface  A 
[36,59,31,12].  The  conservation  of  mass  is  expressed 
by 


(0/80  /?p(k)  dV  +  /"Pn,  ./k)  v,(k)  dA  -  0  (35) 

V  1  AJ  1  J 


V"  1  A  * 

This  Is  equivalent  to  (28)  upon  use  of  divergence 
theorem.  Equating  the  linear  change  of  momentum  to 


v- v1 v* 


*  *  -  v’ 

> 


W.* K'\ A3  *.!  J?  ^  J,  1*  JUW.  I!*  li  ■»  1  *N/,>V'  *  ?  V. 


r*TT7  *T  T'J  »  V  r.'  T.'vr'f 


s 


K: 


[•-. 


tv 


f*. 

lS' 


the  force  exerted  on  the  material  Inaide  the  region 
V,  Green  and  Naghdl [31]  obtained  in  point  form  the 
balance  of  momentum  ai, 


(36) 


pD/Dt  Vi  +  T  (  /)(*)  UiOt)  u-(k>)  i 

-?,<* 

Green  and  Naghdl[31]  pointed  out  that  (36)  la  aame 
as  (29).  However,  if  total  stress  la  taken  at  equal 
to  sum  of  partial  stresses,  (36)  reflects  the  fact 
that  the  total  rate  of  Increase  of  linear  momentum 
is  not  equal  to  the  barycentrlc  rate  of  Increase  of 
momentum  of  continuum  of  density  moving  with  veloci¬ 
ty  vlf 


Green  and  Naghdl's  theory 


The  theory  for  a  mixture  of  two  constituents  origi¬ 
nally  presented  by  Green  and  Naghdl [ 27,29] ,  was  gen¬ 
eralized  by  Mills[41]  to  the  case  of  multicomponent 
mixtures.  Green  and  Naghdl  proposed  that  the  total 
stress  and  total  heat  flux  for  the  mixture  should  be 
equal  to  the  sum  of  the  corresponding  quantities  for 
the  constituents.  Thus, 

tij“  Stij(W).  <Ji-  Jqi00.  rl-Ip(k)  ri(k)/p  (37) 
I  1  1 

Green  and  Kaghdl[29]  stated  that  Trueadell's  equa¬ 
tions  were  correct  but  found  It  difficult  to  accept 
the  Interpretation  for  some  of  the  terms.  These  are 
of  special  significance  If  boundary  conditions  on 
the  surface  of  the  mixture  Involve  total  streas  and 
total  heat  flux.  In  Green  and  Naghdl's  theory,  the 
equations  of  mass  and  momentum  balance  are  derived 
from  the  material  frame  Invariance  of  a  rate  of  en¬ 
ergy  equality.  For  a  volume  V  enclosed  by  a  fixed 
surface  A,  Green  and  Naghdl (31]  wrote 


(8/8t)  ♦  vi  vj  dV 

\fpni  (U  +  1/2  Vi  Vil  dA 
/Jp(k^  (r(k)  +  b^(k^  v1(k)]  dV 


yj  | 


/ltjl  VJ  -  9j]  dA 


(38) 


Here  the  left  hand  side  represents  the  rate  of 
change  of  energy  in  volume  ”  bounded  by  a  fixed  sur¬ 
face  A  plus  the  energy  flux  of  the  mixture  across 
the  boundary.  Green  and  Naghdl [31]  accept  the  form 
of  (38)  and  (34)  but  not  the  Interpretations 
associated  with  some  of  the  quantities  occurlng  In 
them. 


Green  and  Naghdl [27]  gave  energy  equality  In  the 
form 


(8/8t)  f  (  PU  +  l/2jp(k>  Vi<k)  vx(k>]  dV 
c  H  £ 


y/[ip+  |p(>0  bt(k>  Vi(k>l  dV 
+  ^*^11  j(k^  Vj(k)  -  q]  dA 


Allowing  for  Interactions  between  constituents,  the 
energy  equality  was  restated  as  [29], 


(8/80  /p<k>  [U(k>+  1/2  vt  Wl]dV 

♦  /  p(k)  "j  vj<k)[U(k)  +  1/2  VjOO  VjOO]  dA 

■  f  [r(k)  +  bj(k)  v^(k))  dV 

+  y* [t1(k)  Vl(k>  -  q^(k) ]  dA 

+  /[  Oi(k>  vt(k>  +  Xlj(k>  r^OO  +  4,<k>]  dv 

-W  f  5(k)  dA  (40) 

where  Xi.(k)  are  the  Internal  force  and  coup¬ 

le  acting  due  to  Interactions  and  4f(k',  5^k '  repre¬ 


sent  contributions  to  the  balance  of  energy  arising 
out  of  interactions  of  n  constituents.  Also, 

0  ...  0  .. .  n  ,v, 

t(*0 . 0  (41) 


IOiOO  -  o,  IX.iOO  .  o,  15 
*  1  -1  1 
(39)  can  be  wrlten  as  [53] 

v/(  PDU/Dt  -  pr  +  £P(k)  Vi(k)  (fi(k)  .  bi(k)) 

+  y^pc(k>  [0  +  1/2  vt(k>  vt(k>]  dV 

“J\  lti(k)  vl(k)  “  «ll  dA  (42) 


dV 


Invariance  of  the  energy  equality  under  superposed 
uniform  tranclatlonal  velocities  yields,  for  arbi¬ 
trary  volume  V 


l  pc<k>  dV  -  0 


(43) 


l.e.  the  mass  elements  of  the  mixture  are  conserved. 
(K)  yields 


(44) 


DP  /Dt  tpvj  j  »  o 
Also, 

/" [  p(k)  (bjOO  -  f  j(k) )  -pc(k)  Vi(k>]  dV 

1  /.n  ... 

+  / It,(k)  dA  -  0  (45) 


Applying  (45)  to  an  arbitrary  tetrahedron  gives  gen¬ 
eralisation  of  Cauchy's  stress  principle  viz., 


f 


tl(k> 


I  n, 


(46) 


Use  of  (46)  In  (45)  and  of  divergence  theorem  yields 

I[^k)(bi(k)-fi(k))-pc(k)Vi{k)  +  tji,j(k))  -  0  (47) 

(47)  has  sane  form  as  (31).  Replacing  f.  in  (47) 
we  get  [53] 

j£p<k>  bt(k)-(0/8t >p<k>  vt(k>-  (p(k)  Vl(k>  Vj<k>) fi 


“j  dA 

+  tji,jCk)  J  -  o 

(48) 

(39) 

This  Is  the  equation  of  linear  momentum 
an  arbitrary  fixed  volume.  Now  (42)  can 
as  [53] 

balance  for 
be  restated 

322 


D  n 

J [  pDU/Dt  -pr  +  hJ>;)  -  vi^k>  +  Il/2pc<k> 

'  Vl<k>  Vl<k)  -  Icji(k)  dV  “  0  (49) 


where  we  define 


tJ1(J(k)  +  p(k)lbi(k)  -  fi(k)l  (50) 


In  consequence  of  (47) 

I0j(*O  .  £pc(k)  v1(ki  (51) 

1  1 

Invariance  of  (50)  under  a  superposed  uniform  rigid 
body  angular  velocity  gives 

1‘lji]00  “  0  <52) 

i.e.  the  sum  of  partial  stresoes  is  symmetric.  The 
partial  stresses  do  not  have  to  be  symmetric.  In 
view  of  (28),  (43),  (51)  and  (52),  application  of 
(49)  to  arbitrary  volume  gives 

PDU/Dt  -pr  +  hj(j  -  ^t(jl)(k)  dtj(k> 

-nftw<k)  <riJ<l>-rij<!',> 

-ni1pi(k)  (v^)  -  vt(n))  (53) 


Pi<k)  ”  tji,j^k^  +  p^k^(bi^k>-fi^k^ 

-1/2  c<k>  (Vl(k)  -  Vl(n))  (54) 

For  binary  mixture,  this  is  same  an  given  by  [28). 
Green  and  Naghdi(31)  established  a  relationship  be¬ 
tween  Internal  energies  of  the  constituents  and  that 
of  the  mixture.  They  wrote  the  rate  of  energy  equal¬ 
ity  in  terms  of  the  energies  of  the  constituents, 
ignoring  external  body  couples,  as  follows 

(a /at ) y"  I  [  p(k)  U(k)  +  1/2  p(k)  Vj^fc)  VjC^l  dV 
+J I  nj[  p(k)  v j (k ^  U<k> 

+  1/2  p(k^  v^(k)  v^(k^  Vj(k^)  dA 

lr(R)  +  bi(k)  vi(k)l  dV 

+/j  [ t^(k)  v^(k^  -  q(k^l  dA  (55) 

A**  1 

Let  pu*  be  the  sum  of  the  energies  of  the  constitue¬ 
nts  i.e. 


pu*  -  ^p(k>  U<k> 


Also  define,  [31) 


K-  [  p<k>  Ui<k>  uOO]^ 


Then  it  can  be  shown  [53]  that 


(?/8t) _/lp^  dV  VjOO  Ulk)  dA 

V  1  f  1 

-  /  ipDU*/Dt  +  K  )  dV  (58) 

Define  the  total  energy  of  the  mixture  so  that  [31] 


PDU/Dt  -  P DU*/Dt  +  K  (59) 

Then  (55)  becomes 

ft  PDU/Dt  -T  (  r(k)  +  b,(k)  v,(k^) 

^  l 

XPc<k>(U  +  1/2  v1(k>  VjC*))  +Ip(k>  Vi(k)  fi(k)  )  dV 

^  ■  /l(tl<k>  VjOO  -  q(k^  )  dA  (60) 

i 


(k)  -  q(k^)  dA 


This  is  identical  to  (42).  (59)  defines  the  rela¬ 

tionship  between  the  specific  energies  of  the  con¬ 
stituents  and  that  of  the  mixture  for  the  two  rate 
of  energy  equalities  (42)  and  (55)  to  be  equivalent. 

c.  Other  work 

1.  Maas  continuity  equation  using  relative  velocity 

Krsuse[39),  referring  to  fixed  volumes  in  space,  for 
continued  saturation,  wrote, 

n 

In(k>  .  0  (61) 

1 

Using  (16)  and  (2)  and  assuming  intrinsic  density  to 
be  specially  constant,  mass  continuity  eo.uatlon  be¬ 
comes 

n(k)  +  [n<k>  Vj(kh>j  .  o  (62) 

For  binary  mixture  (61)  and  (62)  give 

[  vjt1)  +  n<2>  (vj(2>  -  vj(1))]>;j  -  0  (63) 

Using  (15),  (63)  can  be  rewrlten  as  [37,38] 


!vJ(1)  +  wjl,J  “  0 


Hsleh  and  Yew[35]  added  the  equations  (16)  for  the 
constituents  of  a  binary  mixture  and  for  no  chemical 
reaction  obtained 

p  +  (  p  ViO))^  +  (  p<2>  Wi)>1  „  o  (65) 

as  the  mass  continuity  equation. 

11.  Mass  balance  In  terms  of  porosity 

Fukuo[19]  used  the  equations  of  the  mass  balance  to 
set  up  equations  In  terms  of  volume  fractions  of  the 
constituents.  Using  intrinsic  densities  mass  balance 
equation  Is  writen  as 

n(k)p(K)*  +  n(k)p(k)*+  (n(k)j/k)*Vj(k))  ^  ■  0  (66) 

Fukuo  used  Gibson's [23]  approach  of  referring  to  the 
set  of  particles  in  the  reference  configuration  to 
get 

"0(i)  PQ(1)*  -  n(l)  p(1)*  det  [F^]  (67) 

For  small  volumetric  deformations  in  solid  it  was 
shown  [53] 

np(D  ejj^^  “  v^(2))  j 


(68) 


Discussion 


Hsleh  and  Yew[35]  considered  a  porous  solid  satu¬ 
rated  with  Incompressible  fluid  and  undergoing  small 
deformations.  They  established  a  compatibility  con¬ 
dition  of  volume  change  of  a  fluid-saturated  porous 
medium  as 

(b/ftt)  (n<2>  -  no(2))  +  ,^(2)  (6/&t)  ejj(l) 

+  wi,i  -  0  (69) 

ill.  Energy  balance  in  terms  of  porosity  (Volume 
fraction  theory) 

Goodman  and  Cowin(24]  postulated  the  equation  of 
energy  balance  for  a  porous  material  with  porosity  n 
in  local  form  as 

n  P*  “  'ij  v(i>3)  +  Sj  (f.)>3 

-  n  p*  g  On/gt)  -  +  „  p*  r  (70) 

where  g  is  the  intrinsic  equilibrated  body  force  and 
S1  are  components  of  the  equilibrated  stress  vector. 

lv.  Alternative  form  of  linear  momentum  balance 
equation 

Hsieh  and  Yew[35]  obtained  for  a  binary  mixture, 
with  no  body  forces, 

P(DviO)/Dt)  +  //2)  [(l/gt)Vl  +  Vj<2>  vifi 

+  VJ  *l.jl  ‘  ‘jl.j  <71> 

v.  Other  forms  of  the  energy  balance  equation 

Bowen[12]  postulated  the  point  form  of  the  rate  of 
energy  equality  as 

P  (i  /  it)  [U  +  1/2  V|  Vj_]  "  [tji  vj  -  qi]ti  +  px 

+  lp(k)  v.<k>  b.<k)  (72) 

1 

Bowen[12]  pointed  out  that  if  all  second  order  terms 
in  the  diffusion  velocities  are  neglected  then  (24), 
(23),  (26)  reduce  to  (37).  Neglecting  products  of 

the  diffusion  velocities  with  their  time  and  space 
derivatives,  the  energy  equality  In  (72)  becomes 

p(JU/»t)  -  tjj  vj(1  -  qi>1  +  pr 

+  gpdt)  Ul(k)  bl(k)  (73) 

Interpretation  of  quantities  In  (72)  and  (73)  is 
quite  different.  Green  and  Ntghdl[31]  used  the  same 
form  as  (73),  but  their  formulation  was  based  on 
different  definitions  for  the  quantities  associated 
with  the  mixture. 

Morland[43]  stated  the  energy  balance  equation  for 
the  mixture  as 

I(  p(k^  (D^k^/Dt)  U<k>  -  t^k)  v4  j(k)  +  i^k^l 

-  0  (74) 


Truesdell's  theory  requires  that  the  form  of  the 
equations  for  the  mixture  to  be  the  same  as  for  a 
single  material.  For  the  case  of  to  relative  motion 
between  the  constituents,  mixture  will  have  motion 
and  deformation  aa  a  material  body.  However,  if  rel¬ 
ative  motion  is  present,  the  mixture  does  not  satis¬ 
fy  the  axioms  of  continuity  and  its  corollary,  the 
principle  of  impenetrability.  Hence,  the  'third  me¬ 
taphysical  princple'  stated  by  Truesdell[59]  appears 
Irrelevant.  We  aleo  note  chat  the  sum  of  the  inter¬ 
nal  energies  of  the  constituents  does  net  equal  the 
internal  energy  of  the  mixture.  The  balance  equa¬ 
tions  due  to  Truesdell  and  to  Green  and  Naghdl  have 
similar  form  and  are  essentially  equivalent  but  the 
quantities  appearing  In  the  two  sets  have  different 
Interpretations  based  on  the  relationships  postulat¬ 
ed  between  the  quantities  associated  with  the  con¬ 
stituents  and  with  the  mixture.  The  equations  energy 
balance  contain  scalar  products  of  the  corresponding 
quantities.  This  Indicates  the  quantities  for  which 
constitutive  relationships  would  be  required.  Some 
Investigators,  considering  the  special  problems  of 
flow  through  porous  media,  have  attempted  to  write 
the  balance  equations  in  terms  of  relative  motion 
and  porosity,  which  is  essentially  a  measure  of 
relative  deformation.  It  would  appear  that  a  theory 
based  upon  the  balance  equations  written  for  a  ref¬ 
erence  set  of  particles  of  the  porous  solid  would  be 
the  most  appropriate  for  this  case.  For  one-dimen- 
slonal  case,  Gibson  developed  such  a  theory  for  the 
quasl-statlc  problem.  This  needs  to  be  developed 
further  to  Include  Inertia  effects  and  a  generallza- 
tion  to  three-dimensional  problem.  This  would  re¬ 
quire  a  convected  coordinate  description  for  the 
stresses  and  deformations  in  the  porous  solids. 


ACKNOWLEDGEMENTS 


This  work  is  part  of  a  research  program  supported  by 
the  Air  Force  Office  of  Scientific  Research,  Air 
Force  Systems  Command,  USAF  under  Grant  Number 
AF0SR-83-0055.  The  U.  S.  Government  is  authorized 
to  reproduce  and  distribute  reprints  for  Governmen¬ 
tal  purpoces  notwithstanding  any  Copyright  notation 
therein.  The  assistance  provided  by  the  Instruction 
and  Research  Computer  Center,  The  Ohio  State  Univer¬ 
sity,  is  gratefully  acknowledged. 


REFERENCES 


1.  Adkins,  J.  E.,  Phil.  Trans.  Roy.  Soc.  Series  A, 
255,  607-650,  1963. 

2.  Adkins,  J.  E.,  Arch.  Rat.  Mech.  Anal.,  15, 

2  2  2-  234,  1964. 

3.  Alfantls,  E.  C.,  Acta  Mechanics,  27,  265-296, 
1980. 

4.  Atkin,  R.  J. ,  ZAMP,  18,  803-825,  1967. 

5.  Atkins,  R.  J. ,  and  Cralne,  R.  E.,  Quar.  J. 

Mech.  App.  Math.,  29  Pt.2,  209-244,  1976. 

.  Biot,  M.  A.,  J.  App.  Phy.,  12,  155-164,  1941. 

.  Biot,  M.  A.,  J.  App.  Phy.,  26,  182-185,  1955. 


6 

7 


8.  Biot,  M.  A.,  .1.  App.  Phy.,  26,  459-467,  1956. 

9.  Biot,  M.  A.,  and  Willis,  D.  G.,  J.  App.  Mech., 

ASME,  594-601,  1957. 

10.  Blot,  M.  A.,  J.  App.  Phy.,  33,  1482-1498,  1962. 

11.  Biot,  M.  A.,  Indiana  Univ.  Nath.  J. ,  21, 

597-620,  1972. 

12.  Bowen,  P..  M.,  Continuum  Physics,  III,  1-127, 
1976. 

13.  Bowen,  R.  M.,  Int.  J.  Engrg.  Sci.,  20,  697-735, 
1982. 

14.  Carroll,  M.  M.,  J.  Geophy.  Res.,  84,  7510-7512, 
1979. 

15.  Carter,  J.  P-,  Small,  .1.  C.,  and  Booker,  J.  R., 
Int.  J.  Solids  Struct,,  13,  467-478,  1977. 

16.  Crochet,  M.  J.,  and  Naghdi,  P.  M.,  Int.  J. 
Engrg.  Sci.,  4,  383-401,1966. 

17.  Demiray,  H.,  Int.  J.  Engrg.  Sci.,  19,  253-268, 
1981. 

18.  Firoozbakhsh,  K. ,  Int.  J.  Solids  Struct.,  12, 
649-654,  1976. 

19.  Fukuo,  Y.,  Bull.  Dias.  Prev.  Res.  Inst., Japan, 
18,  Pt ,4 ,  Ho.  146,  1-15,  1969. 

20.  Garg,  S.  K. ,  and  Nur,  A.,  J.  Geophy.  Res.,  78, 
5911-5921,  1973. 

21.  Ghabou6si,  J. ,  and  Wilson,  E.  L.,  Report, 

UCSESM  71-12,  University  of  California, 
Berkeley,  California,  1971. 

22.  Ghaboussi,  J.,  and  Wilson,  E.  L.,J.  Soil  Mech. 
Found.  Div.,  aSCE,  99,  No.  SM10,  349-862,  1973. 

23.  Gibson,  R.  E.,  England,  G.  L.,  and  Hussey,  M. 

J.  L.,  Geotechnique,  17,  261-273,  1967. 

24.  Goodman,  M.  A.,  and  Cowin,  S.  C.,  Arch.  Rat. 
Mech.  Anal.,  44,  249-266,  1972. 

25.  Green,  A.  E.,  and  Adkins,  J.  E.,  Arch.  Rat. 
Mech.  Anal.,  15,  235-246,  1964. 

26.  Green,  A.  E,,  and  Rivlin,  R.  S.,  ZAMP,  15, 
290-292,  1964. 

27.  Green,  A.  E.,  and  Naghdi,  P.  M.,  Int.  J.  Engrg. 
Sci.,  3,  231-241,  1965. 

28.  Green,  A.  E.,  and  Steel,  J.  R.,  Int.  J.  Engrg. 
Sci.,  483-500,  1966. 

29.  Green,  A.  E.,  and  Naghdi,  P.  M.,  Arch.  Rat. 
Mech.  Anal.,  24,  243-263,  1967. 

30.  Green,  A.  E.,  and  Naghdi,  P.  M.,  Int.  J.  Engrg. 
Set.,  6,  631-635,  1968. 

31.  Green,  A.  E.,  and  Naghdi,  P.  M.,  Quar.  J.  Mech. 
App.  Math.,  XXII,  Pt.4,  427-438,  1969. 

32.  Green,  A.  2.,  and  Naghdi,  P.  M.,  Acta 
Mechanics,  9,  329-340,  1970. 

33.  Gurtln,  A.  E.,  and  De  La  Penlaa,  G.,  Arch.  Rat. 
Mech.  Anal.,  36,  390-410,  1972. 

34.  Gurtln,  M.  E.,  Oliver,  M.  L.,  and  Williams,  W. 
D.,  Quar.  J.  App.  Math.,30,  527-530,  1973. 

35.  Hsleh,  L.,  Yew,  C.  H.,  J.  App.  Mech.,  ASME, 
873-378,  1973. 

36.  Kelly,  P.  D.,  Int.  J.  Engrg.  Sci.,  2,  129-153, 
1964. 

37.  Kenyon,  D.  E.,  Arch.  Rat.  Mech.  Anal.,  62, 
131-147,  1976. 

38.  Kenvon,  D.  E.,  J.  App.  Mech.,  ASME,  45, 

727-732,  1978. 

39.  Krause,  G.,  Die  Bautechnlk,  95-103,  1977. 

40.  Mikasa,  M.,  Civil  Engineering  in  Japan,  JSCE, 
21-26,  1965. 

41.  Mills,  N.,  Qjar.  J.  Mech.  App.  Math.,  20, 
499-508,  1967. 

42.  Morland,  L.  W.,  J.  Geophy.  Res.,  77,  890-910, 
1972. 

43.  Morland,  L.  W.,  Geophy.  J.  Roy,  Astro.  Soc. , 

55,  393-410,  1978. 


44.  Morland,  L.  W.,  Geotechnical  and  Environmental 
Aspects  of  Geopressure  Energy,  Ed.  S.  Saxena, 
Engineering  Foundation,  New  York,  363-366, 

1980. 

45.  Muller,  I.,  Arch.  Rat.  Mech.  Anal.,  28,  1-39, 
1968. 

46.  Oliver,  M.  L.,  Arch.  Rat.  Mech.  Anal.,  49, 
195-224,  1973. 

47.  Oliver,  M.  L.,  and  Williams,  W.  D.,  Quar.  App. 
Math.,  33,  81-86,  1976. 

48.  Pecker,  0.,  and  Dereslewlcz,  H,,  Acta 
Mehcanica,  16,  45-64,  1973. 

49.  Prevoat,  J.  H.,  Int.  J.  Engrg.  Sci.,  18, 
787-800,  1980. 

50.  Sampaio,  R.,  Arch.  Rat.  Mech.  Anal.,  62, 

99-116,  1976. 

51.  Sondhu,  R.  S.,  Fluid  Flow  in  Saturated  Porous 
Elastic  Media,  Ph.D.  Thesis,  Univ.  of 
California  at  Berkeley,  I960. 

52.  Sandhu,  R.  S,,  and  Liu,  H. ,  Numerical  Methods 
in  Geomechanics,  Aachen,  1969,  Ed.  W.  Wlttke, 
BalRema ,  1255-1263,  1979. 

53.  Sandhu,  R,  S.,  Mechanical  Behaviour  of 
Saturated  Soils,  Report  OSURF-715107-84-1 ,  The 
Ohio  State  University,  Columbus,  Ohio,  (To  be 
published). 

54.  Shi,  J.  J.,  Rajgopal,  K.  R.,  and  Wineman,  A. 

S.,  Int.  J.  Gngrg.  Sci.,  19,  871-889,  1981. 

55.  Tabaddor,  F.,  and  Little,  R.  M.,  Int.  J.  Solids 
Struct.,  7,  825-841,  1971. 

56.  Terzaghi,  K. ,  Theoretical  Soil  Mechanics, 

Wiley,  1943. 

57.  Truesdell,  C.,  and  Toupln,  R.  A.,  Handbuch  der 
Physik,  III/ 1 ,  Ed.  S.  Flugge,  Springer-Verlag, 

1960. 

5  j.  Treusdell,  C.,  J.  Chem.  Phys.,  37,  2336-2344, 

1961. 

59.  Truesdell,  C.,  Rational  Thermodynamics,  McGraw- 
Hill,  1969. 

60.  Westmann,  R.  A.,  Nonlinear  Three  Dimensional 
Theory  of  Consolidation,  Unpublished  Report, 
1967. 

61.  Williams,  W.  0.,  Arch.  Rat.  Mech.  Anal.,  51, 
239-260,  1973. 


325 


DAMAGE  PREDICTION  FOR  IMPACTED  CONCRETE  STRUCTURES 


H.  Adell*,  A.M.  Amin**,  and  R.L.  Slerakowskl*** 


Department  of  Civil  Engineering,  The  Ohio  State  University 
470  Hitchcock  Hall,  2070  Nell  Avenue 
Columbus,  Ohio  43210 


ABSTRACT 

Available  formulae  for  predicting  the 
penetration  depth,  scabbing  thickness,  and 
perforation  thickness  of  concrete  structures 
Impacted  by  solid  missiles  are  summarized, 
reviewed,  and  compared.  In  addition,  based  on 
quadratic  and  cubic  regression  analysis  of 
existing  data,  two  new  formulae  are  proposed  for 
predicting  the  penetration  depth  of  concrete  due 
to  the  Impact  by  solid  missiles.  The  new 
penetration  equations  are  compared  statistically 
with  NDRC  penetration  formula  and  two  other  recent 
penetration  formulae. 


INTRODUCTION 

Effects  of  Impact  of  solid  missiles  on 
concrete  structures  can  be  classified  Into  local 
effects  and  global  dynamic  response  of  the 
structure.  If  the  kinetic  energy  transmitted 
through  the  zone  of  Impact  by  the  missile  Is 
considerably  smaller  than  the  strain  energy 
capacity  of  the  structure,  the  local  effects  will 
probably  be  governed  by  this  consideration.  This 
paper  is  concerned  with  local  effects  of  solid 
missile  Impact  on  concrete  structures. 


MODIFIED  PE1RY  FORMULA 

The  Modified  Petry  Formula  developed 
originally  In  1910,  predicts  the  penetration  dept” 
in  Inches  as  follows  [1  ard  15]: 

V12  KP  AP  Log10(1'°  +  VZ/2150C0)  (D  . 

Where  V  Is  the  Impact  velocity  In  ft/sec,  Ap  Is 
the  weight  of  missile  per  unit  projected  area  In 
lb/ftz,  and  Kp  Is  a  coefficient  taking  Into 

account  the  effect  of  reinforcement.  It  has  the 
value  of  0.00799  for  massive  concrete,  0.00426  for 
normal  reinforced  concrete,  and  0.00284  for 
specially  reinforced  concrete.  The  coefficient  Kp 

has  been  modified  to  account  for  the  effect  of 
concrete  strength  by  Amlrlklan  [1].  The  modified 
Kp  Is  a  function  of  f'  ,  the  compressive  strength 

of  concrete.  When  Eq.  (I)  Is  used  with  the 
original  values  of  Kp,  we  call  It  Modified  Petry 

1,  and  when  It  Is  used  with  the  values  represented 
'by  the  curve  In  Ref.  [I],  we  call  It  Modified 
Petry  2.  Also,  Amlrlklan  [1]  suggested  that 
perforation  thickness  be  determined  by 


The  problem  of  Impact  of  missiles  on  concrete 
structures  Is  extremely  complicated.  A  complete 
physical  modeling  of  the  problem  has  yet  to  be 
developed.  However,  for  design  of  concrete 
structures  against  Impact,  simple  but  reliable 
equations  are  urgently  needed.  At  present  It 
appears  that  only  empirical  and  semi -empirical 
equations  have  been  developed  for  design 
purposes.  In  the  following  sections,  available 
formulae  for  predicting  the  penetration  depth, 
scabbing  thickness,  and  perforation  thickness  of 
concrete  structures  impacted  by  solid  missiles  are 
summarized,  reviewed,  and  compared. 


cind  the  scabbing  thickness  be  determined  by 

d.  ’  2-2  x„ 
s  p 


(3) 


ARMY  CORPS  OF  ENGINEERS  FORMULA 

In  1946,  the  following  formula  for 
penetration  was  developed  by  the  Army  Corps  of 
Engineers  [2]: 


•Associate  Professor,  **  Graduate  Student, 
***Professor  and  Chairman 


* 


282W  V 


1.5 


D2.785f*0.5  J0001"5 


+  0.5 


(4) 
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where  D  Is  the  diameter  of  the  missile  In  Inches, 
W  1$  the  weight  of  the  missile  In  pounds,,  arJ  f' 

Is  the  compressive  strength  of  concrete  In  psl. 
In  1943,  high-velocity  ballistic  tests  were 
carried  out  on  38,  76,  and  155  mm  steel 

cylindrical  missiles  and  the  following 
relationships  for  scabbing  and  perforation  were 
obtained  using  regression  analysis: 


d 

X 

X 

s 

TT" 

2.12  +  1.36  ^ 

0.65  <  <  11.75 

(5) 

d 

X 

X 

1.32  +  1.24  ^ 

1-35  <01  13.5 

(6) 

enerated  fragments  traveling  over  1000  ft/sec 
17]: 

\>  .  282  KW  V1,8 

“  D  (f')0,5  (1000D)1,8 


THE  BALLISTIC  RESEARCH  LABORATORY  FORMULA  (BRL) 

Trie  Ballistic  Research  Labs  (BRL)  have 
proposed  the  following  formula  to  predict  directly 
the  perforation  thickness  for  concrete  walls 
having  an  ultimate  compressive  strength  of  3000 
psl  [63: 


MODIFIED  NATIONAL  OEFENSE  RESEARCH  COMMITTEE 
(NDRC)  FORMULA 


In  1946,  the  National  Defense  Research 
Committee  (NDRC)  proposed  the  following  formula 
for  predicting  the  penetration  depth  [12]: 


,1.8 


X„  4  K  K,  W  V  n  , 

-  *  [ - 3 

D  D  (lOOOD)1,0 


A  „ 

7^-1. 


KKjH  V 


1.8 


D  ( 1000D) 


O 


for  <  2.0 


for  >  2.0 


(7) 


i.33 

*  7.8  p  o  i  33 
10001"JJ 

This  equation  has  been  extended  for  other  values 
of  the  ultimate  compressive  strength  as  follows: 


d 


ji  .  427  W  V1,33 

D  d2.£  V 

The  scabbing  thickness  d,  can  be  obtained  from: 


ds  *  2  dp 


BECHTEL  CORPORATION  FORMULA 


Where  Kj  is  the  concrete  penetrability  factor  and 
Is  given  as  a  function  of  concrete  strength  f'  as 
follows: 


The  Bechtel  Corporation  has  proposed  an 
empirical  formula  for  calculating  the  scabbing 
thickness  of  concrete  panel  under  the  Impact  of 
cylindrical  hard  missiles  as  follows  [13  and  14]: 


Kj  •  180/  (8) 

As  defined  previously  K  Is  the  missile  nose  shape 
factor.  It  Is  equal  to  0.72  for  flat-nosed 

missile,  1.00  for  average  bullet  nose  (spherical 
end),  0.84  for  blunt-nosed  bodies,  and  1.14  for 
very  sharp  nose.  All  the  quantities  are  expressed 
In  U.S.  customary  units.  Kennedy  and  Chelapatl 
[11]  proposed  the  following  equations  for  scabbing 
and  perforation  thickness  for  use  In  conjunction 
with  Eqs.  (7)  and  (8): 

^  *  7.91  4*)  -  5.06  (J*)2 


d„  X„  Xn  , 

/  -  3.19  0  -  0.718  0)Z 


X„ 

^<0.65  (9) 

X 

^<1.35  (10) 


15.5  W0-4  V°'J 


,.0 .5 


.0.2 


STONE  AND  WEBSTER  CORPORATION  FORMULA 


Stone  and  Webster  have  proposed  a  formula  for 
predicting  the  scabbing  thickness  for  a  concrete 
panel  under  the  Impact  of  solid  missiles  as 
follows  [9]: 


where  c  Is  a  coefficient  that  depends  on  the  ratio 
of  the  target  thickness  to  the  diameter  of  the 
missile.  The  ranges  of  test  parameters  for  this 
formula  were:  3000  psl  <  f'  <.  4500  psl  and 
1.5  <  d/D  <  3.0.  "  c 


AMMANN  AH)  WHITNEY  FORMULA 

The  following  formula  has  been  developed  to 
predict  the  penetration  depth  of  small  explosively 


COMMISSARIAT  A  L’ENERGIE  ATOMIQUE-ELECTRICITE 
DE  FRANCE  (CEA-EDF) 

In  1977,  Berrlaud  et  al.  [3]  proposed  the 
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following  empirical  formula  for  calculating  the  d  „ 

perforation  thickness  of  concrete  on  the  basis  of  p~  .  „  .  _£ 

experiments  carried  out  In  France  by  CEA-EDF:  D  1  D 


1.35  <  p2  <  13.5 


dp-  0.765  (f')'0,375  V0-75  (~)0,5 

The  limits  of  validity  of  this  formula  are: 

1.  Reinforcing  steel  «  9.34  -  18.68  lb/ft3. 

2.  Concrete  compressive  strength  f'  ■  4300  - 

7300  psl.  c 

3.  Missile  Impacting  velocity  V-82-1476  ft/sec. 

4.  Ratio  of  target  thickness  to  missile  dimeter 
d/D  -  0.349  -  4.17. 


KAR  FORMULA 


In  1978,  using  regression  analysis,  (Car 
revised  the  NDRC  formula  to  account  for  the  size 
of  aggregates  and  the  type  of  missile  material. 
His  equation  for  penetration  depth  Is  as  follows 
[10]: 


0 


4  K  K.  E 


1.25 


W  V 


1.8 


,0.5 


1000D 


T78j 


X  K  K  E  W  V1'8 

n  *  IT”  (?“) - +  1 

D  D  Em  1000D1,8 


Where  E  Is  the  modulus  of  elasticity  of  the 
missile  material  and  Em  Is  the  modulus  of 
elasticity  of  mild  steel.  The  shape  factor  K 
equals  0.72  for  flat-nosed  hard  missiles.  For 
missiles  with  special  noses.  It  Is  calculated  from 
the  following  equation: 

K  =  0.72  +  0.25  (n  -  0.25)0*5  <  1.17 


in  which  n  Is  the  ratio  of  the  radius  of  the  nose 
to  the  diameter  of  the  missile.  Kar  stated  that 

the  factor  (E/En))1"^5  Is  approximate;  Its  use  Is 

recommended  until  sufficient  test  data  Is 
available  for  making  necessary  changes,  and  for 
most  practical  cases  E «  E^,.  In  this  case,  his 

penetration  equation  for  flat  nosed  solid 
cylindrical  missiles  becomes  Identical  with  the 
NDRC  formula.  He  also  proposed  the  following 
scabbing  and  perforation  equations: 


0.65 


d  -a 


-  2.12  +  1.36 


0.65  1  Q2  <  11 .75 


d-d  Xn  Xn  5 

~jj—  •  3.19  -  0.718 


/<  1.35 


where : 


b 


0.2 


(24) 


and  a  is  half  the  concrete  aggregate  size. 


DEGEN  FORMULA 

In  1980,  based  on  statistical  analysis.  Degen 
proposed  the  following  perforation  formula  [5]: 


^  ■  0.69 

+  1 

29 

D 

a 

2.65  1  p£  18 

2-2 

D 

-  0.3  (^)2 

xn 

/  <  1.52 

The  test  data  from  which  Degen  statistically 
derived  his  equation  cover  the  following  ranges  of 
variables: 

Reinforcing 

steel  :  9.97 

-  21.8 

lb/ft3. 

82 

< 

V  < 

1023 

ft/sec. 

33 

< 

W  _< 

756 

lb. 

4116 

£ 

fc  i 

6245 

psl 

6 

< 

d  < 

24 

In. 

4 

< 

D  _c 

12 

In. 

0.5 

< 

d/D  < 

27 

CHANG  FORMULA 

In  1981,  using  Bayesian  statistics  and 
classical  mechanics  principles,  Chang  [4]  proposed 
the  following  two  formulae  for  evaluating  scabbing 
and  perforation  thicknesses  of  a  concrete  panel : 


d 

s 


200  0  13 
1.84  ( - )°*13 

V 


(M  V2) 


0.4 


c 


, 200 ,0.25  ,M  V  .0.5 
'  V  ’  'D  f'; 


The  test  data  from  which  Chang  developed  his 
equation  cover  the  following  ranges: 
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55 

< 

V 

< 

1023 

ft/sec 

0.24 

£ 

w 

< 

756 

lb. 

2 

< 

d 

< 

24 

In. 

0.79 

< 

D 

< 

12 

In. 

3300 

< 

fc 

< 

6600 

psl . 

HAIDAR  »  MILLER  FORMULA 
Introducing  the  Impact  factor 

I  .  12  x  0.72  M  V2 
32.2  D3  f' 

where  the  units  are  the  same  as  those  of  the  ®RC 
formula.  Haidar  fi  Miller  [7]  found  the  following 
equations  for  penetration  based  on  a  bl -linear 
regression  analysis  and  connecting  the  resulting 
two  lines  by  a  third  Intermediate  line. 


5*  -  -  0.02725  ♦  0.22024  I  0.3  <  I  <  2.5 

X 

^j*  «  -  0  .592  +  0.446  I  2.5  <  I  <  3 

X 

jj*  «  +  0.53886  +  0.06892  I  3.0  <  I  <_  21. 


Where  Xp/D  <.  2.0  . 


HUGHES  FORMULA 

In  1983,  assuming  a  parabolic  Impact  force- 
penetration  depth  relationship,  Hughes  developed 
three  formulae  for  predicting  penetration  depth, 
scabbing  thickness,  and  perforation  thickness 
[8],  He  defined  an  Impact  factor  In  terns  of  the 
concrete  tensile  strength,  fr: 


He  proposed  the  following  formula  for  predicting 
the  penetration  depth: 


U*  »  0.19  K'  I'/S 


Where  K'  Is  the  nose  shape  factor  and  equal  to 
1.00  for  flat  nosed  missiles,  1.12  for  blunt  nosed 
missiles,  1.26  for  average  bullet  nose  (spherical 
end),  and  1.39  for  very  sharp  nose;  and 

S-straln-rate  factor  -  1.+12.3  Ln  (1.  ♦  0.03  P). 


His  equations  for  scabbing  and 
f ol 1 ows : 

perforation 

d.  Xn 

ip  ‘  1-74  /  +  2.3 

£*>0.7 

x 

TT  “  5,0 

£*<0.7 

d  Xn 

1‘58/+  »•« 

d 

D  >  3,5 

d„ 

/  "  3‘6  / 

d 

D  <  3*5 

ADEL  I  -  SIERAKOWSKI  -  AMIN  (ASA)  FORMULAE 

The  present  authors  noticed  a  proportional 
relationship  between  the  observed  penetration 
depth  X  and  the  dimensionless  Impact  factor  I 
defined  as  follows: 

i  .vjoL 

9  o3  r; 

After  using  the  least  squares  technique  and  trying 
various  forms  for  this  unknown  relationship, 
quadratic  and  cubic  polynomlnals  were  found  to 
best  fit  the  test  data.  Using  the  test  data  from 
the  test  programs  conducted  In  Europe  and  U.S.A. 
during  the  last  10  years  [16],  the  following  two 
equations  for  estimating  the  penetration  depth  of 
the  concrete  are  proposed: 


ft  A 

p*  ■  0.0416  +•  0.1698  I  -  0.0045  IZ 

U*  ■  0.0123  +  0.1%  I  -  0.008  I2*  .0001  I3 


COMPARISON  OF  PENETRATION  EQUATIONS 

In  1976,  Kennedy  compared  the  modified  Petry, 
ACE,  NDRC,  and  Ammann  and  Whitney  penetration 
equations  with  the  experimental  results  available 
at  that  time  [11].  He  found  the  NDRC  equations  to 
be  the  best  among  the  concrete  penetration 
equations  available  In  1975.  These  equations 
along  with  other  recent  penetration  equations 
l.e.,  those  of  Haidar  and  Miller,  Hughes,  and  ASA 
were  compared  In  this  work  using  the  recent 
experimental  results  compiled  by  SI Iter  [16].  The 
recent  concrete  penetration  equations  along  with 
the  available  data  are  shown  In  Fig.  1.  Figure  2 
shows  scatter  diagrams  for  Xp/X  (X  Is  the 

experimentally  observed  depth)  versus  X/D.  The 
following  observations  are  made: 


w  nv:  w.  wt,-*?  «■:  r.  -n  r,T; 


Figure  1 


;  »\. »%  •*-.  tj  t-j  *-.  * 


1.  For  X/D>0.6,  Modified  NDHC,  Haidar  A 
Hiller,  “Hughes  end  the  ASA  formulae  tend 
to  agree  with  the  experimental  results 
within  t25S. 

2.  For  X/D  <  0.6,  Modified  Petry  2,  Haidar  A 
Miller,  and  ASA  formulae  agree  with 
experimental  results  better  than  the  other 
ones. 

3.  ACE  formula  and  Modified  Petry  1  practically 
overpredlct  the  penetration  depth  with  a  big 
margin. 


Generally,  Hughes,  Haidar  A  Miller,  and  ASA 
formulae  predict  the  penetration  depth  better  than 
other  predictors.  Therefore,  two  statistical 
comparisons  were  carried  out  on  these  particular 
formulae.  In  each  comparison,  the  variance  and 
.the  coefficient  of  variation  have  been 
calculated.  The  first  comparison  was  carried  cut 
on  all  data  points  (33  points).  The  second 
comparison  was  carried  out  for  high  velocity  data 
points  (velocity  >  475  ft/sec)  (22  points). 

In  the  first  comparison,  when  all  data  points 
were  used,  ASA  quadratic  formula  gave  the  least 
coefficient  of  variation  of  0.1433,  then  ASA  cubic 
formula,  Haidar  A  Miller,  NDRC,  end  Hughes  gave 
coefficients  of  variation  of  0.1444,  0.1306, 

0.1803  anj  0.1956,  respectively.  For  data  points 
with  velocity  >  475  ft/sec.,  the  coefficients  of 
variation  of  0.1203,  G.1299,  0.131,  0.1476.  0.1481 
were  obtained  by  NDPC,  ASA  quadratic  .ASA  cubic, 
Haidar  &  Miller,  and  Hughes  formulas, 
respectively. 


COMPARISON  OF  SCABBING  EQUATIONS 

The  Modified  Petry,  ACE,  NDRC  BRL,  Bechtel 
Corporation,  Chang,  and  Hughes  scaoblng  formulae 
were  compared  with  the  data  compiled  by  Sllter 
[16].  The  results  are  summarized  below 

1.  The  Modified  Petry  and  BRL  formulae  provide 
the  worst  fit  with  the  experimentally 
obtained  data  for  scabbing  thickness  and 
underestimate  the  scabbing  thickness  In  many 
cases. 

2.  The  Hughes  scabbing  formula  Is  the  most 
conservative  equation  In  predicting  the 
scabbing  thickness  and  overestimates  the 
scabbing  thickness  sometimes  by  a  factor  of 
three. 

?.  The  ACE,  NDRC,  Bechtel,  and  Chang  formulae  In 
general  predict  the  scabbing  thickness  safely 
with  a  few  exceptions,  however „  the  NDRC  and 
ACE  equations  give  more  conservative  results 
than  the  other  two.  In  terms  of  closeness  of 
fit,  the  Bechtel  formula  appears  somewhat 
better  than  the  other  equations. 
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COMPARISON  OF  PERFORATION  EQUATIONS 

The  Modified  Petry,  ACE,  NDRC,  BRL,  CEA-OEF, 
Degen,  Chang,  and  Hughes  perforation  formulae  were 
compared  with  the  data  compiled  by  Sllter  [16]. 
The  results  are  summarized  In  the  following 
paragraphs : 

1.  The  Modified  Petry  and  BRL  formulae  have  the 
worst  fit  with  the  experimentally  obtained 
data  and  underestimate  the  perforation 
thickness  In  many  cases. 

2.  The  Hughes  perforation  formula  In  general 
overestimates  the  perforation  thickness  more 
than  the  other  equations. 

3.  The  CEA-OEF,  Degen,  and  Chanq  formulae  have 
the  best  fit  for  perforation  thickness 
followed  by  the  NORC  formula. 
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PENETRATION  OF  FRAGMENTS  INTO  SAND 


A.  Stilp,  E.  Schneider 
and 

M.  HOlaewig 


Ernst-Mach-Institute.  Freiburg,  FRR 


ABSTRACT 

Penetration  mechanics  of  steel  fragments 
into  sond  have  been  experimentally  inve¬ 
stigated  for  a  range  of  impact  velocities 
between  100  m/a  and  3500  m/s.  In  order  to 
obtain  systematic  results , idealized  frag¬ 
ment  geometries  have  been  chosen,  i.e. 
spheres  and  cylinders  were  used  as  pro¬ 
jectiles.  The  results  obtained  show  that 
sand  is  well  suitable  as  a  protective  me¬ 
dium  against  fragment  threat,  however,  it 
is  not  useful  as  a  diagnostic  recovery 
material  for  fragments.  Impact  velocities 
of  fragments  cannot  be  derived  from 
penetration  depths. 

INTRODUCTION 

In  the  field  of  fragment  ballistics, 
material  properties  of  fragment  catcher 
media  are  interesting  with  respect  to  the 
following  aspects: 

1)  Protection  properties 

2)  Soft  recovery  of  fragments 

3)  Diagnostic  properties  concerning  kine¬ 
tic  fragment  parameters 

For  shelter  purposes  the  overall  stopping 
efficiency  of  a  given  material  is  of 
primary  importance,  i.e.  short  penetra¬ 
tion  paths,  deformation,  erosion  and 
shattering  of  fragments  are  highly  desir¬ 
able. 

A  different  problem  arises,  if  soft  frag¬ 
ment  recovery  is  desired,  for  example  If 
mass,  shape,  and  apatial  distributions  of 
fragments  are  to  be  measured.  In  this 
case,  fragments  must  not  be  affected 
during  their  deceleration  within  the  cat¬ 
cher  material.  In  addition,  it  is  very 
advantageous,  if  relations  between  pene¬ 
tration  depths  and  impact  velocities  can 
be  established.  Taking  these  aspects  into 
account,  sand  as  a  cheap  and  widespread 
material  has  been  experimentally  studied. 


EXPERIMENTS  AND  RESULTS 

Idealized  fragments,  steel  spheres  with  a 
diameter  of  1  cm  (mass  4.07  g)  and  steel 
cylinders  with  length-to-diameter-ratios 
of  1,  5  and  10  and  masses  between  10  g  and 
50  g  have  been  used  as  projectiles.  They 
were  accelerated  within  closed  launch 
facilities.  Depending  on  the  velocity 
range,  the  launchers  can  be  operated  as 
compressed  air/oowder/and  light  gaB  guns . 
They  are  equipped  with  velocity  measure¬ 
ment  stations  and  flaBh-X-ray  channels. 
Dry,  loose  sand  with  a  density  of  1.8 
g/cm-5  and  maximum  grain  sizes  of  1.05  mm 
and  2  mm,  respectively,  were  used  as 
targot  materials.  It  has  been  placed 
within  a  box  sufficiently  large  in  order 
to  avoid  confinement  influences  on  the 
penetration  process.  The  sand  box  had  an 
entrance  opening  for  the  projectile, 
closed  by  a  paper  strip,  and  was  set  up 
within  the  target  chamber. 


1)  RESULTS  FOR  SPHERE  PROJECTILES 
(Schneider  and  Stilp  1977) 

The  steB.l  spheres  were  shot  into  the  aand 
target  at  velocities  between  118  m/s  and 
3553  m/a. 

Depending  on  the  impact  velocity  the 
following  processes  have  been  observed: 
Up  to  a  few  hundred  m/s  the  projectiles 
are  decelerated  by  sand  displacement  and 
compaction.  The  kinetic  projectile  energy 
is  dissipated  as  internal  friction  ener¬ 
gy.  Slight  scratches  are  observed  at  the 
front  aide  of  the  projectiles  (fig.  1  a). 

Starting  et  shout  400  m/a,  sand  grains 
become  fragmented,  projectile  erosion 
effects  and  mass  losses  occur.  Fig.  1  b 
shows  a  projectile  after  penetration  at 
an  impact  velocity  of  1745  m/s.  Projec¬ 
tile  material  is  eroded  up  tc  a  distinct 
boundary  line.  Agglomerates  ot  fine  frag¬ 
mented  sand  at  the  projectile  are  ob¬ 
served  . 

For  comparison  fig.  1  c  shows  a  sphere 
which  hsd  beer,  annealed  prior  to  the 
experiment.  The  velocity  was  1746  m/s. 
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Much  more  mate-ial  is  eroued  in  thin  case, 
since  the  projectile  had  a  considerably 
lower  hardness. 

At  impact  velocities  beyond  scout  iOOLm/s 
the  projectiles  break  into  parte  (fig.  1 
d  ...  i.) . 

The  sharp  boundary  lines  between  the 
eroded  and  unerednd  rarts  of  tho  projoc- 
tiles  indicate  that  the  projectiles  re¬ 
main  strictly  oriented  during  the  pene¬ 
tration,  at  least  as  long  as  material 
erosion  processes  t.ike  place.  Fig.  2 
shows  a  flash  X-ray  photograph  of  a 
sphere  during  penetration.  A  cavity -like 
transient  penetration  channel  is  formed 
behind  the  projectile. 

Fig.  3  presents  the  penetration  curve  for 
spheres  into  sand.  The  penetration  depth 
normalized  by  the  projectile  diameter  is 
plotted  versus  the  Impact  velocity.  The 
curve  reflects  the  penetration  behaviour 
already  described  qualitatively.  Up  to 
about  400  m/s  a  steep  increase  of  pene¬ 
tration  depths  is  obtained.  Between 
400m/s  and  about  2000  m/s  the  penetration 
depths  increase  by  only  a  factor  of  about 
1.6.  The  data  scatter  considerably.  Above 
2000  m/a  the  penetration  depths  are 
steeply  decreasing  which  is  due  to  pro¬ 
jectile  fragmentation.  The  data  points 
marked  by  crossed  are  penetration  depths 
of  annealed  spheres.  They  are  not  frag¬ 
mented,  but  become  much  More  eroded  than 
the  harder  spheres.  Fig.  4  shows  a  dia¬ 
gram,  where  the  absolute  mass  loaa  of  the 
projectiles  is  plotted  versus  the  impact 
velocity.  Starting  at  aoout  500  m/a  the 
mass  1 o 8 a  increases  nearly  linearly. 


2)  RESULTS  FOR  STEEL  CYLINDERS 

(HUlsewig  and  Stilp,  1978) 

In  a  similar  way  steel  cylinders  have 
been  shot  into  the  send  targets  at  velo¬ 
cities  between  93  m/e  and  1400  m/s.  The 
results  obtained  can  be  characterized 
qualitatively  aa  follows! 

a)  Tho  penetration  depths  incraars  stuep- 
ly  up  to  an  impact  velocity  of  about 
400  m/a. 

b)  Between  400  m/a  and  scout  1G00  m/a  t.i a 
depths  of  penetration  increase  only 
very  weekly. 

c)  Beyond  about  1000  m/a  the  penetration 
depths  decrease  again  cue  to  projec¬ 
tile  deformation  and  erosion. 

d)  In  all  cases,  considerable  scattering 
of  penetration  data  hae  been  observed 


Fig.  5  shows  how  cylindrical  projectiles 
are  deformed  and  eroded  with  increasing 
imp-set  velocities.  The  projectile  mass 
woe  48. 0  g  with  a  length-to-diameter 
ratio  of  L/D  =  1.  They  become  "mushroom- 
shaped".  At.  3  consequence  the  cross  ssc- 
tiorrl  area  increases  which  leads  to 
higher  decoloration  forces. 

In  the  diagram  of  fig.  6  the  penetration 
depths  normalized  by  the  projectile 
diameter  aro  plotted  versus  the  impact 
velocities  for  cylinders  with  a  mass  of 
10.54  g  (L/D  =  1).  These  experiments  have 
been  performed  using  two  types  of  sand 
targets  with  maximum  grain  sizes  of  2  mm 
and  1.05  mm,  respectively.  No  grain  size 
effects  have  been  found  for  such  projec¬ 
tile  aizaa .  Fig.  7  shows  the  residual 
masses  normalized  by  the  original  projec¬ 
tile  maea  for  the  same  projectiles  at 
velocities  of  up  to  1345  m/a.  Fig.  8 
shows  the  respective  normalized  residual 
projectile  lengths.  Within  this  range  of 
impact  velocities,  the  length  reduction 
ia  predominant1/  caused  by  deformation 
and  not  by  erosion. 

Figs.  9  ...  11  present  normalized  pene¬ 
tration  depths,  residual  maaaes  and 
lengths  for  cylinders  with  L/D  =  5  and 
mRaaes  of  10,  20,  and  50  g.  The  scatter 
of  tho  data  ia  enormous.  The  data  points 
in  brackets  within  fig.  10  refer  to 
projectiles  which  have  been  accelerated 
without  a  fixed  pusher  plate  at  the  rear 
end  of  the  projectile. 

Figa.  12  ...  14  present  the  same  plots 
for  cylinders  with  L/D  s  10  and  masses  of 
13  g  and  20  g.  The  penetration  depths  in 
this  case  show  a  steep  decrease  at  about 
800  m/a  impact  velocity.  This  decrease  is 
caused  by  bending  of  the  projectiles, 
leading  to  high  yaw  angles  and  deflec¬ 
tions  from  the  original  trajectory.  Above 
about  1000  m/a  also  breaking  of  the 
projectiles  has  been  observed. 

For  comparison  a  test  eer.es  has  also 
beer,  performed  involving  natural  frag¬ 
ments  with  L/D  rntios  of  abott  1  and 
m  a  a  s  a  a  between  1  q  s.id  14  g.  Fig.  15 
shows  their  r*jrwalized  penetration  depths 
•./e  rt.ua  tneir  iroact  velocities.  The 
scattering  la  very  big  rnd  a  velocity 
dependence  of  the  penetration  values 
between  4J0  m/a  and  1200  m/s  cannot  be 
established. 


Dli-CUSSION 

The  existence  of  maxima  in  the  penetra¬ 
tion  ci  rvea  of  idealized  fragments  into 
sand  as  wall  as  the  occurenco  of  projec¬ 
tile  deformation,  erosion  and  fragmenta¬ 
tion  during  the  penetration  pro case, 
characterize  aand  aa  material  which  can 


be  used  very  effectively  for  protection 
against  fragment  threat,  e.  g.  shelter 
constructions,  for  the  same  reasons, 
however,  it  is  not  appropriate  as  a 
diagnostic  fragment  recovery  material, 
since  projectile  masses  and  shapes  are 
not  preserved,  especially  fragment  velo¬ 
cities  cannot  be  estimated  from  penetra¬ 
tion  depths. 
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Fig.  2s  Flash  X-ray  photograph  of  a 
sphere  during  penetration 
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Fig.  3:  Penetration  curve  for  spheres 


Fig.  9:  depths  for  cylinders 
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Fig.  10:  Residual  projectile  masses  for 
L/D  =  5 


Fig.  13:  Residual  projectile  masses  for 
L/D  =  10  cylinders 


Fig.  11:  Residual  projectile  lencrths  for 
L/D  =  5  cylinders 


Fig.  15:  Penetration  depths  for  natural 
fragments  with  L/D  -  1  _ > 


Fig.  14:  Residual  projectile  lengths  for 
L/D  =  10  cylinders 
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ABSTRACT 


Probabilistic  methods  are  developed  for  the 
analysis  of  random  impact  loading  conditions  that 
arise  from  oblique,  noncol 1  Inear,  and  spinning 
missile  impacts.  Models  are  developed  for  the 
analysis  of  Impact  orientation  of  rotating 
objects;  expected  values  of  effective  impact 
velocity  are  numerically  calculated  for  randomly 
oriented  rod-type  missiles;  and  a  probability 
model  of  multiple  missile  Impact  effects  Is  pre¬ 
sented.  An  Integrated  methodology  Is  outlined  for 
the  general  treatment  of  random  impact  loading 
conditions. 


INTRODUCTION 


Impact  loads  form  an  Important  class  of 
loading  conditions  In  the  analysis  and  design  of 
structures  for  non-nuclear  munitions  effects.  The 
sources  of  these  loads  Include  munition  fragmenta¬ 
tion  loads,  direct  Impact  loads  from  unexploded 
bombs  and  projectiles,  and  secondary  missile 
Impact  produced  by  scabbing  or  spalling  of 
structures  and  protected  facilities.  In  general, 
these  sources  of  Impact  loads  are  highly  variable 
with  respect  to  time,  position,  and  the  conditions 
of  the  fragment  or  missile  or.  Impact  with  the 
barrier  or  component.  Hence,  the  loading  condi¬ 
tions  are  fundamentally  stochastic  In  several 
parameters.  Including  geometry,  mass,  orientation, 
velocity,  angular  velocity,  end  load  position. 

In  view  of  the  fundamental  uncertainty  In 
characterizing  these  types  of  multiple,  random 
Impact  loads,  probabilistic  formats  are  relevant 
for  surv i vabl 1 1 ty/vulnerabl 1 1 ty  analysis.  In 
general,  however,  conventional  analysis  and  design 
procedures  treat  certain  important  aspects  of 
Impact  loading  conditions  determini stlcal ly.  This 
Includes  the  conventional  assumption  that  missile 
Impact  occurs  in  a  normal,  colllnear  orientation 
with  no  angular  velocity.  Such  Impact  conditions 
are  relatively  unlikely  for  fragmentation  type 
loads.  Hence,  questions  arise  as  to  what  effect 
these  assumptions  have  on  survivability/ 
vulnerability  calculations.  Estimation  of  the 
relative  likelihood  of  near  normal,  colllnear 


Impact,  and  the  effects  of  oblique,  spinning,  and 
noncolllnear  Impacts  In  reducing  the  Impact  velo¬ 
city  that  is  effective  In  damaging  the  barrier 
are  thus  critical  to  an  accurate  and  realistic 
analysis  of  random  Impact  loads. 

This  paper  presents  a  collection  of  probabil¬ 
ity  formulations  and  analysis  of  several  problems 
that  arise  In  certain  classes  of  fragment  and 
missile  Impact  loads.  It  will  report  the  results 
of  research  Into  probabilistic  safety  analysis  of 
nuclear  power  plant  structures  subjected  to  frag¬ 
ment  and  secondary  missile  Impact.  The  general 
formulations  and  results  should  provide  Insights 
to  Impact,  penetration,  and  survivability  analysis 
of  protective  structural  design,  particularly 
above-ground  hardened  and  semi -hardened  struc¬ 
tures.  In  this  paper,  the  term  random  is  used  to 
denote  stochastic  behavior  of  the  missile  orienta¬ 
tion  and  velocity  vectors  In  space  and  time.  The 
emphasis  is  on  slender  rigid  body  missiles 
(L/d  2  4)  and  local  effects  target  response, 
although  most  of  the  results  are  Independent  of 
the  specific  mechanistic  model  of  response 
(penetration,  perforation,  scabbing,  overall 
dynamic  response).  The  effect  of  missile  rotation 
on  Impact  orientation  for  rod-shaped  missiles  Is 
developed.  Estimations  of  the  effects  ot  oblique, 
spinning,  and  noncolllnear  Impacts  In  reducing  the 
impact  velocity  that  Is  effective  In  damaging  the 
barrier  are  made  using  the  normal  Impulse  model 
developed  In  Refs.  1  and  2.  A  probabilistic 
formulation  of  the  potential  for  a  number  of 
missiles  to  Impact  a  barrier  randomly  and  induce 
cumulative  damage  effects  Is  also  developed. 
Finally,  an  Integrated  methodology  Is  outlined  for 
the  general  treatment  of  random  Impact  loading 
conditions. 


IMPACT  ORIENTATION  OF  TUMBLING  MI5SIIES 


A  convenient  starting  point  for  the  analysis 
(and  eventual  simplification)  of  missile  Impact 
conditions  Is  an  assessment  of  the  effects  of 
angular  velocity  on  Impact  orientation.  Such  an 
analysis  provides  a  basis  for  determining  whether 
or  not  angular  velocity  can  be  neglected  In  the 
development  of  a  probability  density  function 
(pdf)  of  missile  Impact  orientation.  A  general 
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formulation  Is  developed  for  a  rod-type  missile 
with  missile  center  line  vector  M  undergoing 
general  motion  In  space.  Results  are  Illustrated 
for  a  <od-type  missile  and  an  Irregular  fragment. 

Mode I_F cuthuI at.  Ion .  The  notation  for  the 
scalars  that  cieflne  the  vectors  for  the  missile, 
M,  translational  velocity,  V( ,  and  angular 
velocity,  2i,  Is  given  In  FTg.  1.  For  conven¬ 
ience,  spherical  coordinates  are  used  to  specify 
vectors— ! -e.,  M  »  Vi  »  (V, 

and  gi  *  ($?,«  ,*  >.  Also  shown  In  Fig.  1  are  the 
angles  r  and  r,  where  r  Is  the  angle  of  yaw  (the 
angle  between  M  and  Vi)  and  x  Is  the  angle 
between  M  and  [i\ .  Au  of  these  variables  are 
functions  of  time,  t,  and,  hence,  represent  a 
family  of  stochastic  processes  that  describes  the 
Instantaneous  orientation  and  motion  of  the 
missile.  In  the  analysis  that  follows,  Vi,  gi , 
and  t  are  assumed  to  remain  constant  constant  for 


z 


Figure  I..  Notation  for  Missile,  Velocity,  and 
Angular  Velocity  Vectors 


.ov  arbitrarily  small  time  Increment,  at. 

However,  during  this  time  increment,  the  angular 
position  of  the  missile  is  not  fixed  but  is 
assumed  to  change  by  the  angle  list,  which  is 
measured  about  the  instantaneous  axis  of  rotation 
defined  by  fir. 

To  determine  the  probability  of  Impact 
orientation  for  a  rotating  missile  as  it 
approaches  the  target,  the  hit  probability  within 
time  Interval  «t  Is  assumed  to  be  proportional  to 
the  dls'ance  the  leading  edge  of  the  missile 
travels  toward  the  surface.  This  roncept  is 
-  >1 1  y  visualized  In  the  planar  example  illustrat¬ 
ed  in  Fig.  ?,  in  which  the  leading  tip  motion  of  a 
;>ile  wilt-  V/L»  -  1.6  Is  plotted  vs  time.  For  a 
m's'ile  translating  with  fixed  orientation  In  the 
l  dire  tion  (normal  to  the  target  surface),  the 
forward  tip  7  coordinate  would  ne  represented  as  a 


Figure  2.  Motion  of  the  Leading  Edge  of  a 
Spinning  Missile 


function  of  time  by  a  straight,  line  with  slope  V. 
Hence,  the  hit  probability  would  be  equally  likely 
for  any  time,  t,  and  any  fixed  orientation  since 
the  slope  of  all  such  lines,  dz/dt,  Is  constant. 
However,  If  the  missile  Is  also  rotating,  the 
leading  tip  Z  coordinate  is  given  by  the  curve  In 
Fig.  2  (for  d  <"<  L).  The  hit  probability  Is  no 
longer  uniform  In  time  since  the  advancement  of 
the  leading  edge  is  not  a  linear  time  function, 
but  has  sinusoidal  characteristics  and  a  period  of 
*/fi  for  slender  bodies  with  nondlstingulshable 
ends  A  and  8.  It  Is  proportional  to  dz/dt.  over 
the  time  interva1  (t.]>t?)  during  which  the  leading 
edge  Is  advancing  toward  the  surface  and  the 
forward  Z  position  has  not  been  previously  . 
reached.  Mathematically,  these  conditions  in 
terms  of  an  arbitrary  time  t*  are  written  as 

dz 

’  1 1 V  i  ,fi-] ,  x  ( 1 1  ¥l  >Si  * 1  )a  » 

(la) 

!dz  I 
—  2  0 
dt|t* 

Z(t  >  t*)  >  z(t  <  t*) 

r 1 1  Vi ,Wi ,t( 1 1 Vi »Sl i  =  0  •  otherwise  ,  (lb) 

where  ft. | Vi  ,fi( , t  {*  IV)  «2l  »T )  denotes  thr  proba¬ 
bility  density  function  of  t.,  given  V^,  fif,  and  t. 

Hie  parametric  equations  of  motion  of  the 
leading  edge  of  the  missile  provide  the  relation¬ 
ship  for  dz/dt  In  Eqs.  1.  Using  the  notation  In 
Fig.  1  (where  Z  Is  assumed  to  be  the  outward 
normal  from  the  target  surface),  the  Z  position 
of  the  leading  tip  is 
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z  *  Vt  cose'  + 

(2) 

I-  *  * 

-  (cose  cost  +  sine  sin*  slnat)  , 


where  Vt,  cose'  Is  the  position  of  the  body  center 
at  time  t  and  thus 


Once  the  (t|,t2)  Interval  Is  known,  the  pdf 
ft(t)  Is  easily  calculated.  First,  for  those 
cases  in  which  Eq.  4  Is  satisfied,  the  normaliza¬ 
tion  constant,  k,  of  f t ( t ) .  Is  determined  from 


k  = 


dz 

dt 


-1 


Q 

■V  cose' 


(?) 


dz  L  # 

—  =  V  cose’  +  -  Q  sine  s1r,x  cosat  .  (3) 
dt  2  '  ; 

The  condition  that  the  leading  edge  advances  (the 
first  Inequality  of  Eq.  la)  Is  satisfied  when 

2V  sine*  slnx 

—  Z  - -  (4) 

LQ  cose' 

in  which  case  the  position  time  curve  of  the 
leading  edge  is  similar  to  Fig.  2  for  the  entire 
period  t  =  (O.k/C) ,  If  Eq.  4  Is  not  satisfied, 
then  a  time  Interval  exists  within  which  the 
leading  edge  recedes,  as  Is  illustrated  In  Fig.  3, 


o  t,  os  f,  1.0  i2 

t 


Figure  3.  Motion  with  Leading  Edge  Recession 


which  is  based  upon  the  same  parameters  as  Fig.  2 
except  that  V/Lfl  =  0.4.  To  determine  the  time 
interval,  (ti,t2),  In  which  the  missile  advances 
(and,  hence,  to  satisfy  the  second  inequality  of 
Eq.  la),  t2  is  obtained  from  the  condition 
dz/dt  =  0.  Thus, 


t2 


cos 


s-1 


(-2V  cost)'  \ 
La  sine*  slnx  J 


(5) 


Then  t]  is  obtained  by  solving  the  transcendental 
equation 


z(ti)  =  z(t2)  -  zQ  ,  (6) 


which  Is  simply  the  Inverse  of  the  path  length 
traced  by  the  leading  edge.  From  Eqs.  1,  3,  and 
7,  the  conditional  pdf  Is 


ft|Vi,gi,x(tlXi*8i»t) 


*  k 


dz 

dt 


Q 

-  + 
* 


Lfl2  sine*  slnx 
2*V  C0S9 1 


cosQt 


0  S  t  s  a/Q  . 


(8) 


The  development  of  a  general  closed-form  pdf  for 
the  case  In  which  Eq.  4  Is  net  satisfied  Is  not 
possible  because  of  the  transcendental  character¬ 
istic  of  Eq.  6.  However,  the  orocedura  Is  similar 
to  that  developed  above;  that  Is, 


and  an  expression  similar  to  Eq.  8  Is  developed 
that  applies  to  the  Interval  { tj » tg> •  Outside 
this  Interval,  the  probability  density  Is  zero. 

Fcr  given  V^,  ,  and  x,  Eq.  8  (or  Its 

equivalent  deveTopeH  using  Eqs.  1,  3,  and  9)  Is 
used  to  determine  the  pdf  of  the  angular  position 
Bt  of  the  missile  by  a  transformation  of  variables 
[e.g.,  5’, 


ffltiyi,gi,t(atl)£i,gi,x)  = 

(10) 

i 

-  ft i Vi ,g1 ,x< t iyi »si )  • 


Two  final  relationships  are  needed  for  the 
conversion  from  at  to  the  Impact  orientation 
relative  to  the  barrier  normal.  For  angular 
position  at  the  orientation  of  the  missile  Is 
determined  from 

e  =  cos"l(:osx  cose*  +  slnx  sine*  slnut)  (11a) 


and 

*  =  tan~l[ (tanx[cos**  cosat  +  cose*  sin**  slnOt]  - 
sine*  sin**)  /  (tanx[s1n**  cosat  - 
cose*  cos**  slrat]  +  slr.e*  cos**)]  .  (lib) 


where  z(t)  is  given  by  Eq.  2. 


Expected  Angular  Orientation  for  Rod  Missile 
Impact.  Using  the  previously  developed  relation¬ 
ships,  the  probablll  ties  of  missile  Impact 
orientation  are  Illustrated  for  a  rod-type  missile 
for  specified  values  of  Vj,  Q-) ,  and  x. 


The  expected  value  of  missile  position  as 
defined  by  flt  can  be  expressed  In  closed-form  for 
those  cases  In  which  Eq.  4  Is  satisfied.  From 
Eqs.  8  and  10  and  the  definition  of  expected 
value,  one  obtains 


As  a  first  example,  consider  the  conditions 
Illustrated  1 n  Fig.  2  with  e'  =  0®  and  e*  *  90°. 
Hence,  the  missile  Is  translating  directly  towards 
the  barrier  and  rotating  about  an  axis  parallel  to 
the  barrier  surface.  Equation  4  is  satisfied  and 
thus  the  relevant  pdfs  are  given  by  Eqs.  8  and  10. 
Figure  4(a)  shows  the  pdf  as  a  function  of 


Figure  4.  Probability  Density  Functions  of 
Missile  Impact  Orientation 


orientation  angle.  The  most  likely  Impact 
orientation  is  8  *  -90"+,  when  the  velocity  of  the 
leading  edge  (point  A  In  Fig.  2  for  t  «  0)  toward 
the  surface  Is  maximum.  Correspondingly,  the 
least,  likely  orientation  Is  e  *  90°’  (point  B  In 
Fig.  2  for  t  =  x/fl),  as  the  leading  edge  Is 
rotating  away  from  the  surface.  The  orientations 
»  *  -90”  and  9  *  90°  define  the  same  condition; 
l.e.,  the  missile  Impacts  perfectly  flatly.  Thus, 
as  the  missile  rotates  through  this  orientation, 
there  Is  a  step  change  In  the  pdf  from  maximum  to 
minimum. 


E(0t) 


x  La  sine*  slnt 
2  xV  cose' 


2  V  sine  slnx 

—  i - - 

La  cose 


(12) 


Similarly,  for  the  variance  <j2(Qt],  the  following 
expression  can  be  derived: 


o2(at)  = 


*2 

12 

2V 

—  e 
in 


L2a  s1n2a*  s1n2  x 
»2y2  cos2e' 

sine*  slnx 
cose 1 


(13) 


For  this  example,  the  expected  value  of  missile 
orientation  is  E(at)  *  1.37  rad,  or  E(e)  =  -11.4° 
as  shown  In  Fig.  4(a),  and  o2(at)  =  0.783  rad2. 
Thus,  the  effect  of  rotation  is  to  bias  the 
Impacts  toward  orientations  In  which  the  missile 
edge  Is  rotating  Into  the  surface;  l.e.,  e  <  0. 

As  noted  In  Refs.  1  and  2,  the  effects  of  rotation 
add  to  the  normal  Impulse  for  e  <  0  (missile  edge 
rotating  Into  the  surface)  and  subtract  for 
orientations  In  which  e  >  0  (missile  edge  rotating 
away  from  surface).  Since  the  above  analysis 
shows  that  e  <  0  Impact  orientations  are  more 
likely,  the  total  effect  of  rotation  on  the 
expected  normal  Impulse  would  be  an  Increase  over 
the  case  In  which  e  effects  are  neglected. 

As  a  second  example,  consider  the  motion  In 
Fig.  3,  which  Illustrates  an  Interval  or'  leading 
edge  recession.  From  Eq.  5,  we  find  that 
t2  *  0.625  sec,  which  corresponds  to  flt2  3  2.50 
rad,  or  e  =  53.1°.  With  Eq.  6,  tj  Is  determined 
to  be  0.012  sec,  corresponding  to  flt  =  0.048  rad, 
or  e  =  -87.25°.  Thus,  as  shown  In  Fig.  4(b),  the 
probability  of  Impact  orientations  outside  the 
interval  -87.25°  £  e  s  53.1°  is  zero,  and  from 
Eqs.  7,  8,  and  9,  the  probability  density  of  flt  Is 

fQt(flt)  =  C. 318  +  0.398  cosflt  , 

0.048  £  flt  £  2.50  . 

The  most  likely  and  least  likely  orientations 
occur  at  the  lower  and  upper  limits  of  flt, 
respectively.  The  expected  value  of  missile 
orientation  is  E(flt)  =  x/3.61  rad,  or  e  *  -40. 1°, 
which  Indicates  an  Increased  bias  toward  advancing 
oblique  orientation  over  the  case  where  0=1 
rad/sec. 

These  simple  cases  Illustrate  the  effect  of 
rotation  on  the  Impact  position  for  a  spinning 
missile  translating  towards  a  target.  For  small 
flL/V,  the  Impact  orientation  Is  nearly  uniform 
over  the  complete  Interval  (e  =  -90°  to  e  =  90°). 
As  the  relative  angular  velocity  Increases,  bias 
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toward  e  =  -90°  occurs  as  noted  In  Fig.  4(a). 

When  the  relative  angular  velocity  Is  Increased  to 
the  point  that  Eq.  4  Is  not  satisfied,  certain 
impact  orientations  become  physically  Impossible. 
As  Illustrated  In  Fig.  4(b),  this  further  shifts 
the  expected  Impact  orientation.  Further  In¬ 
creases  In  fit.  cause  flt2  to  approach  */2  from  the 
right  and  flti  to  approach  (more  slowly)  »/2  from 
the  left.  For  example,  for  Q  =  100  rad/sec  In  the 
above  problem,  Otj  =  65.9°  and  Ht2  =  91.8°.  As 
flL/V  -*  <»,  a  spike  forms  at  at  =  v/2,  and  only 
normal  Impact  orientations  are  possible. 

Distribution  of  Angular  Orientation  for 
Fragment  Tllssi  le.  For  nonslender  body  fragme n t - 
type  missiles,  the  previously  developed  solution 
Is  complicated  by  the  shifting  (both  continuously 
and  in  steps)  of  the  Impact  point  of  the  leading 
edge.  A  combined  analytic  and  numerical  solution 
has  been  developed  by  applying  the  previous  method 
to  a  failed  sector  of  a  large  steam  turbine  disc 
[3].  Figure  5  shows  the  resulting  pdf  on  a  for  a 


Figure  5.  Probability  Density  Function  of 
Turbine  Fragment  Orientation 


120°  sector  disc  translating  at  500  ft/sec 
(152  m/s)  towards  a  barrier  and  spinning  at  900 
rpm  in  a  plane  normal  to  the  barrier.  The  three 
steps  in  the  function  corresDond  to  shifts  In  the 
leading  edge  from  the  outside  rim  to  the  Inside 
hub  at  e  =  150°,  from  one  Inside  hub  to  the  other 
inside  hub  at  e  =  180°,  and  from  the  Inside  hub  to 
the  outside  rim  at  fl  =  210°.  The  results  Indicate 
that  the  most  likely  impact  orientation  (at 
e  =  210°)  is  about  2.7  times  more  probable  than 
the  least  likely  orientation  at  e  =  150°.  Also 
shown  is  a  uniform  distribution,  which  tends  to 
underpredtct  the  peak  of  the  actual  pdf  by  about 
50  percent  and  overpredict  the  minimum  by  about  78 
percent.  If  Si  Is  Increased,  the  deviation  from 
uniform  would  be  greater  and,  similar  to  the  rod 
example,  the  e  would  be  some  Impact  orientations 
that  would  not  be  possible. 


PROBABILITY  DISTRIBUTIONS  OF 
EFFECTIVE  IMPACT  VELOCITY 


In  conventional  design  for  missile  Impact, 
the  missile  Is  often  assumed  to  strike  the  barrier 
at  Its  most  vulnerable  positions  with  maximum 
velocity,  with  the  velocity  vector  oriented 
normally  to  the  barrier  surface,  with  the  major 
axis  of  the  missile  oriented  normally  to  the 
barrier  surface,  and  with  zero  rotational  velo¬ 
city.  For  many  Impact  loads,  except  perhaps 
certain  ballistic  targeting  situations,  the 
probability  of  all  of  these  conditions  being  met 
simultaneously  at  the  Instant  of  Impact  Is  quite 
low.  Hence,  typical  Impact  conditions  Include 
off-normal  missile  orientation,  oblique  velocity 
vector,  and  nonzero  rotational  velocity. 

To  account  for  conditions  of  oblique,  non- 
colllnear,  and  rotating  missile  Impact  for 
probabilistic  assessments  of  random  Impact  loads, 
an  effective  velocity  relationship  for  local 
effects  damage  assessment  of  slender  body  type 
missiles  was  derived  In  Refs.  1  and  2.  Tnis 
relationship  was  developed  using  Impulse  analysis 
methods  assuming  Inelastic  Interaction  between  the 
target  and  the  surface.  The  effective  Impact 
velocity  function,  g.  Is  defined  by  g  =  V'/V, 
where  V’  =  effective  velocity.  For  prlmatlc  rod- 
type  missiles,  this  analysis  reduces  to 


3  ,  Le 

g(Le/V,e,*,e' )  =  (1  —  s1n2e)cose'  -  sine  + 

4  8V 

(14) 

3 

+  -  cose  sine  sine'  cos(<j>'  -  ♦) 

and  the  equivalent  Impact  velocity,  V,  Is  thus 
determined  from 

V  =  V  g  (Le/V,8,*,e,,4.')  •  (15) 

Equations  14  and  15  provide  a  means  to  predict  the 
effects  of  oblique,  noncol 1  Inear,  and  spinning 
impacts  in  terms  of  V1  for  local  effects  damage 
assessment.  Evaluation  of  Eq.  15,  based  upon 
known  or  assumed  pdfs  of  f.e/V,  e,  $,  e1,  and  <J> ' , 
enables  probability  estimates  of  barrier  Impact 
with  velocities  greater  than  a  specified  equiva¬ 
lent  normal  col  linear  velocity,  V'.  If  the 
angular  velocities  are  high  relative  to  the 
component  of  translational  velocity  that  Is  normal 
to  the  surface,  then,  as  developed  previously,  the 
effect  of  rotation  on  biasing  the  Impact  orienta¬ 
tion  should  be  considered.  In  cases  where  OL/V  Is 
small  and  can  be  neglected,  special  solutions  of 
Eq.  14  are  possible,  as  noted  In  the  following 
paragraphs. 

Probability  Distribution  Function  for  Equally 
Likely  Orientations.  Of  general  Interest  Is  the 
case  In  which  and  M  have  Independent  and 
equally  1 Ikely "directions  in  a  three-dimensional 
half  space  relative  to  the  Impact  surface.  For 
this  case  the  Input  pdfs  are  f e ( e )  =  sine. 
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i)c[0,«/2];  a'(8‘)  =  sine',  o'r[0,i>/2];  and 
f (<►-•' )  =  l/»,  ♦-♦'e[-*/2,»/2],  where  the 
orientation  of  the  XY  axes  on  the  Impact  surface 
1^  assumed  to  be  arbitrary  and,  hence,  only  the 
relative  azimuthal  angle  (♦*♦')  is  needed  (see 
Fig.  3).  Using  these  pdfs  and  Eg.  14,  the  cumu¬ 
lative  pdf,  Fg(g),  can  be  calculated  numerically. 
These  results  are  shown  In  Fig.  6  and  Indicate 


Figure  6.  Probability  Distribution  Function  of 
g(o,e ' ,9-* ' ) 


that  there  is  a  TO  percent  chance  that,  a  random 
impact  will  result  in  an  impulse  that  Is  less  than 
if)  percent  of  a  normal  collinear  impact  Iri  which 
g  =  1,  a  75  percent  chance  that  the  impulse  Is 
less  than  41  percent  of  a  normal  collinear  Impact; 
and  a  90  percent  chance  that  the  Impulse  is  less 
than  about  60  percent  of  the  normal  collinear 
case.  Hence,  for  equally  likely  solid  angle 
directions  on  V-j  and  M  nine  out  of  ten  (independ¬ 
ent)  missiles  would  Impact  the  surface  with  an 
effective  impact  velocity  less  than  60  percent  of 
u  normal  collinear  Impact.  The  expected  value  of 
g,  denoted  E(g),  integrated  over  all  directions. 

Is  0.2658.  A  table  of  exceedance  prooabilltles, 

1  ■  Fg(g),  of  the  effective  impulse  Is  summarized 
in  Tame  1.  These  values  indicate,  for  example, 
that  the  probability  of  a  single  random  missile 
impacting  with  g  >  0.90  Is  0.00562. 

Expected  Impulses  for  Collinear  Impacts . 
Another  special  application  o?  the  impulse 
equation  exists  for  no-spin  collinear  Impacts; 
i.e.,  ft  -  0,  «'  =  a,  and  *'  =  g.  In  this  case. 


which  Is  characteristic  of  ballistic  Impact 
problems,  g  reduces  to  g(0,e'=e,4'=$)  -  coso  and 
solutions  of  the  expected  value  normal  Impulse  are 
calculated  by 

E ( g )  =  /  /  cose  fe(e)  f^($)de  dg  .  (16) 

For  equal ly-llkely  solid  angle  Vi  direction  in 
space,  one  obtains  E(g)  =  0.5.  If  the  plane  of 
missile  trajectory  (plane  Z  Vi  in  Fig.  1)  Is 
Is  limited  to  a  plane  normal "to  the  surface, 

E ( g )  =  2/»  =  0.637.  Table  2  sunmarizes  these 
results  as  Case  2  and  Indicates  about  a  100 
percent  Increase  In  E(g)  over  Case  1,  which  is  the 
general  case  that  Includes  noncoil  Inear  M  des¬ 
cribed  In  the  preceding  section. 

Also  given  In  Table  2  are  several  results  Tor 
ballistic-type  trajectories  In  which  the  missile 
pdf  on  e  Is  approximated  by  f0(e)  =  sine  in  wh^ch 
the  reference  Z  axis  Is  normal  to  ground  surface 
(as  opposed  to  the  impact  surface).  For  this 
class  of  problems  (Case  3  in  Table  2),  expecta¬ 
tions  on  normal  impulse  Indicate  that  E(g)  =  1/2 
for  random  V  over  a  half  space  for  both  horizontal 
and  verticaT  surfaces,  an  apparently  paradoxical 
result  In  view  of  t.ne  preference  for  horizontal 
direction  ( f e ( e )  Is  maximum  at  90°)  for  the 
assumed  pdf.  However,  the  solid  angle  Integration 
In  both  cases  reduce  to  identical  forms,  which  are 
also  equivalent  to  the  general  collinear  situation 
(Case  2).  These  results  for  the  horizontal  and 
vertical  surfaces  are  actually  special  cases  for  a 
surface  rotated  through  an  angle  C  from  the  Z 
axis.  Case  3c  In  Table  2  sunmarizes  the  general 
results  for  an  arbitrarily  Inclined  plane,  which 
reduces  to  a  vertical  and  horizontal  plane  in  the 
limits  (£  =  0  and  t  =  */2,  respectively).  The 
resulting  E(g)  expectations  are  a  function  of  £. 
For  a  half  space,  plots  of  E(g)  indicate  that  E(g) 
is  insensitive  to  the  angle  C.  E(g)  va"1es,.  from 
0.5  to  about  0.48,  with  the  minimum  attained  at 
about  45  degrees.  For  normal  plane  trajectories, 
E(g)  increases  monotonlcal ly  from  1/2  at  £  =  »/2 
to  «/4  at  t  =  0  and  thus  the  results  are  more 
sensitive  to  Q . 


MULTIPLE  IMPACT  PROBABILITIES 


The  potential  for  multiple  Impacts,  produced 
by  random  loading  processes.  Introduces  the  risk 
of  enhanced  target  damage  from  cumulative  local 
damage  effects,  i.e.,  the  potential  for  accumula¬ 
tion  of  damage  from  succeeding  impacts  at  the  same 
location  on  the  target.  This  type  of  damage  may 
take  the  form  of  Increased  penetration  depth, 
additional  back-face  scabbing,  complete  barrier 
perforation,  or  increased  vulnerability  to  overall 
response  damage  mechanisms.  The  probability  of 
cumulative  Impact  damage  from  random  impact  loads 
is  dependent  on  the  number  of  Impacts,  the  target 
size  and  the  effective  damage  area  of  each  Impact. 
The  following  analysis  presents  a  simple  model  of 
these  effects. 


TABLE  1.  Exceedance  Probabilities  for  Random  Impact  Orientation 


CquiMlwt  Velocity  Coefficient 
9(C, 

Fscudmte  Probability 
l  -  FC(J)  •  F;9  J  j(0. 

0.01 

0.6366 

0.10 

O.TloA 

0.21* 

0.5000 

0.25 

0.4334 

0.27* 

0.4210 

0.50 

0.1619 

0.75 

0.0368 

0.90 

0.00', 6? 

0.05 

0.00139 

0.99 

0.0000514 

0.999 

0.0000013 

*  Mrblan  of  9  •  0.21. 

*  Mein  of  9  •  0.27. 

TABLE  2.  Expectations  of  Normal  Impulse  for  Random  Impact 


Case 

9(0. 

1 

E(g) 

Half  Space 

Normal  Trajectory 

1. 

Uni  form 
Noncolllnear 

t,.  14 

0.27 

- 

2. 

Unlfo-m 

Col  linear 

co*a 

1/2 

?/. 

3. 

Ballistic 

Coll (near 

a.  Morl/nntrtl 
Surface 

i:0*§ 

!/? 

v? 

b.  Vertical 

Surf  «ce 

sfna  »!;♦ 
sine 

1/2 

c.  Inclined 
Surface 

slna  sin* 

-  cos*  *1nC 

(?(«-t)cq$C  *  2a*nf  cos*C) 

♦  *  s1nJt]/j 2*1 1+eotO ) 

- 

\\n*  co*{ 

ansa  s  1«it 

. 

I.lnj  ♦  (>-C)rosC|/ 
PlI'tlMtll 

Probabilistic  '  ormulatlon.  The  probability 
of  cumulative  damage  Is  formulated  for  the  case  In 
which  the  Impact  points  of  the  missiles  are  uni¬ 
formly  distributed  over  the  barrier's  surface. 

This  assumption  simplifies  the  analysis  and.  In 
addition,  a  barrier  can  generally  be  partitioned 
into  regions  such  that,  within  each,  the  impact 
distribution  is  approximately  uniform.  Denote  the 
damage  probability  of  a  single  random  missile  on 
target.  A  as  P  ( A ) .  The  probability  that  at  least 
one  cumulative  damage  impact  occurs  out  of  N 
missiles,  pN(Ac),  can  he  expressed  as 


where  P(A  |j)  is  the  probability  of  at  least  one 
impact  that  induces  cumulative  damage  effects  out 
of  a  total  of  "j"  impacts  on  target  A. 


PN(Ac) 


X  Q  P(A)j[l-P(A)]N--iP(AC|j) 


j=2 
N  >  2 


(17) 


The  assessment  of  P(Acjj)  requires  assump¬ 
tions  on  the  geometry  and  characteristics  of  the 
nlssi le- induced  damage  area  and  a  proximity 
relationship  for  cumulative  effects.  For  a  simple 
parametric  analysis  of  Eq.  18,  the  dimensionless 
parameter,  «,  is  defined  as  the  ratio  of  damage 
area,  ap,  for  a  single  missile  to  the  barrier 
surface  area  (or  subarea),  A.  Thus,  a  =  ap/A  is  j 
measure  of  the  vulnerability  of  a  barrier  to 
cumulative  damage  from  multiple  independent 
impacts.  Sinai  1  values  of  a  Indicate  a  small 
damage- inf luence  area  compared  to  the  subarea  A, 
and,  as  S  approaches  unity,  cumulative  damage 
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becomes  more  likely  to  occur  on  succeeding 
impacts.  For  <  *  1,  P(ACJJ)  *  1  for  J  2  1  since 
the  Influence  area  equals  the  target  area. 

For  a  given  target,  A,  a<j  may  be  defined  to 
correspond  to  the  penetration  zone,  the  zone  of 
scabbing,  or  the  cracked  region.  For  example.  In 
Fig.  7,  the  parameter  aj  Is  represented  as  a 


Figure  7.  Cumulative  Missile  Impact  («  =  0.01) 


circular  area  corresponding  to  the  case  In  which 
«  =  0.01.  For  this  case,  the  probability  of  cumu¬ 
lative  damage  on  the  second  Impact  Is  0,01.  A 
conservative  upperbound  estimate  to  P(AC|J)  is 
given  by 

c  J 

P(AC|J)  si-  »  [1  -  (k  -  1)*]  , 


1 

2  sj  s-H 

6 

c  1 

P(ACU)  si  ,  j  >  -  +  1  ,  (18b) 

« 

If  the  areas  of  Intersection  of  effective  Impact 
areas  are  counted  more  than  orice  (see  Fig.  8). 

For  two  missiles,  Eqs.  17  and  13  combine  to  yield 
the  exact  cumulative  damage  probability,  that  Is 
«-P(A)2. 

Example  Calculation.  Figure  8  Illustrates 
conservative  estimates  of  cumulative  Impact  damage 
probabilities  for  N  •  P(A)  >  1.  This  range  Is  of 
piactlcal  interest  in  the  evaluation  of  cumulative 
damage  probabilities  for  the  case  In  which  a 
single  Impact  Is  incapable  of  causing  damage. 
However,  If  two  Impacts  within  a  damage  area  aj  by 
this  missile  could  damage  the  target.  Fig.  8  can 
be  used  to  estimate  the  upperbound  cumulative 
damage  probability  as  P^(A)  -»  1.  For  example,  If 
P( A )  is  0.01  and  If  200  such  missiles  are  avail¬ 
able,  P^(A)  is  about  0.87;  if  s  =  0.1.,  the 
upperbound  probability  estimate  of  cumulative 
damage  effects  Is  0.16. 


w  PI  All,) 


Figure  8.  Multiple  Missile  and  Cumulative 
Impact  Probabilities 


GENERAL  METHODOLOGY  FOR  RANDOM  IMPACT  LOADS 


The  collection  of  topics  presented  herein 
form  a  basis  for  an  Integrated  approach  to  the 
probabilistic  analysis  of  random  Impact  loads.  A 
general  approach  Is  useful  when  a  probability 
density  function  of  the  lead  (effective  impact 
velocity)  Is  desired  separately  from,  or  as  an 
Input  to,  the  target  damage  assessment. 

Figure  9  outlines  the  approach  for  Integrat¬ 
ing  impact  orientation,  effective  Impact  velocity 
and  offset  Impact  relationships.  With  the  missile 
transport  characteristics  defined  by 
fVi ,Qi ,t(Xl»8l»T)»  the  f1rst  step  Involves  the 
development  of  the  Joint  density  function, 
fVi,gi,x,t(Xl»Sl»t»t)»  that  deflnes  the  angular 
position  of  the  missile  at  the  Instant  of  Impact. 
From  Eq.  10  and  the  geometrical  relationships 
defined  by  Eqs.  11,  the  joint  density  function  of 
Impact  variables  defined  in  Fig.  1  Is  developed. 
Once  f\/i ,Qi ,M(vUaUM)^ls  defined,  probabilities 
of  particular  Impact  conditions  such  as  V^*,  gi*, 
M*  can  be  calculated  can  be  calculated  In  the” 
standard  manner.  From  Eq.  14,  the  normal  Impulse 
associated  with  the  orientation  car  be  determined, 
end,  hence,  the  probability  density  function  of 
the  equivalent  velocity  function,  fg(9),  can  be 
derived.  This  function  czn  then  be  used  wHh  a 
deterministic  or  probabilistic  damage  model  to 
determine  the  required  barrier  or  target  proper¬ 
ties  for  specified  risk  levels. 
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Figure  9,  General  Methodology  for  Impact 
Velocity  Loading  Function 

SUMMARY 


By  virtue  of  their  loading  generatl  i  and 
transport  mechanisms.  Impact  loads  are  fundament¬ 
ally  stochastic  with  respect  to  missile  orienta¬ 
tion,  velocity,  angular  velocity,  and  position  of 
impact.  However,  conventional  methods  of  analysis 
and  design  generally  treat  these  loads  as  determin¬ 
istic  with  worst  case  Impact  conditions  (normal, 
col  11  near,  no-spin,  midspan  Impacts).  Several 
models  have  been  developed  herein  to  assess  the 
effects  of  random  Impacts  on  conventionally 
assumed  Impact  conditions.  Some  of  the  key 
results  Include: 

(1)  The  effect  of  missile  angular  velocity  Q 
Is  to  olas  the  Impact  orientation  of  a 
spinning  missile  toward  orientations  In 
which  the  loading  edge  Is  rotating  into 
the  surface.  With  Increasing  Q  certain 
Impact  orientations  become  Impossible; 


as  QL/V  -+  »,  the  probability  dlstrl bu¬ 
tton  function  reduces  to  a  unit  impulse 
correspond  to  normal  missile 
orientations. 

(2)  The  effect  of  oblique,  noncolllnear 
orientations  Is  to  reduce  the  velocity 
of  the  missile  that.  Is  effective  In 
damaging  tho  barrier.  Using  an  Impulse 
model,  the  expected  value  of  the  normal 
Impulse  for  a  missile  with  random 
orientation  and  velocity  vector  Is  27 
percent  of  that  produced  by  a  normal 
col  11  near  impact.  The  probability  of  a 
single  random  Impact  with  an  effective 
velocity  >  90  percent  Is  about  0.006. 

(3)  The  potential  for  cumulative  damage  from 
multiple  impacts  are  modeled  using 
conditional  probabilities  with  the 
binominal  distribution.  Curves  of  the 
probability  of  cumulative  effects  are 
given  In  terms  of  a  dimensionless  damage 
area  ratio  «  and  the  expected  number  of 
Impacts  N-P(A).  As  i-N-P(A)  -*  1,  these 
curves  approach  unity. 

An  approach  for  Integrating  these  elements  Into  a 
comprehensive  methodology  for  analysis  of  random 
impact  loading  conditions  has  also  been  outlined. 
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ABSTRACT 

The  evaluation  of  the  survivability  of  hardened 
structures  against  conventional  weapons  essential¬ 
ly  requires  the  realistic  calculation  of  inpact 
and  penetration  effects. 

With  respect  to  the  large  number  of  influencing 
parameters  on  one  hand,  and  the  capacity  of  cur¬ 
rent  computersystems  on  the  other  hand,  there  is  a 
real  necessity  for  the  simulation  of  impact  and 
penetration  processes  by  means  of  advanced  conti¬ 
nuum-mechanical  codes  able  to  solve  oonplex  pro¬ 
blems. 

The  specific  objective  of  this  work  is  bo  de¬ 
monstrate  the  efficiency  of  the  numerical  simula¬ 
tion  of  weapon  effects  including  the  interaction 
of  projectile  and  impacted  target  with  respect  to 
the  design  of  protective  structures. 


INTRODUCTION 

Within  this  computational  study  the  response  of 
structural  reinforced  concrete  members  to  high 
velocity  impacts  of  postulated  missiles  is  simula¬ 
ted  using  the  fully  3D-code  DYSMA5/L,  extended  for 
a  realistic  modelling  of  the  material  behavior  of 
reinforced  concrete.  Conforming  to  available  expe¬ 
rimental  data  a  nonlinear  stress-strain  curve  and  a 
continuous  triaxial  failure-surface  is  composed  to 
include  nonlinear  behavior  of  concrete,  cracking 
of  concrete  in  the  tensile  region,  the  inelastic 
response  in  the  compressive  mode  and  the  mixed 
modes  of  failure. 

The  interaction  between  projectile  and  concrete 
structure  is  considered  by  a  3D-multibody  contact 
processor  which  calculates  geometry  and  exchange 
of  momentum  in  the  contact  zone,  based  on  a  gene¬ 
ralized  master-slave  algorithm. 

The  application  of  the  code  is  demonstrated  by 
simulations  of  projectile  inpact  and  penetration 
of  different  configurations  of  shelter  doors  made 
of  reinforced  concrete  and  steel  components.  For 
some  realistic  parameters,  the  deformation  and 
damage  of  the  target,  the  stressing  of  bending  and 
shear  reinforcement,  the  failure  of  concrete  ele¬ 
ments  as  well  as  the  deformation  and  stress  beha¬ 
vior  of  the  infracting  projectile  is  shown  for  a 


better  understanding  of  the  ballistic  resistance 
of  the  respective  conponents  and  their  interaction. 


THE  NUMERICAL  MODEL 

The  numerical  simulations  are  based  on  the  3.0- 
Lag  rangean  code  DVSMAS/L,  a  code  developed  for 
calculating  the  response  of  structures  under  ex¬ 
tremely  dynamic  loading  as  e.g.  high  velocity 
inpact  or  nonlinear  shockwave  propagation  by  means 
of  continuum  mechanical  relationships  and  numeri¬ 
cal  solution  algorithms  /l/.  The  appendix  /L  re¬ 
fers  to  the  Lagrangean  description  of  the  physical 
process  within  a  time  dependent,  material  fixed 
reference  frame.  The  spatial  discretization  is 
accomplished  by  dividing  the  structure  into  finite 
elements;  the  discretization  in  time  results  from 
subdividing  the  time  domain  into  adequate  time 
steps. 

Within  the  time  loop  the  direct  integration  of 
the  equations  of  motion  of  the  finite  system  is 
carried  out  by  means  of  a  central  difference  sche¬ 
me  /2/.  For  this  the  element  masses  are  proportio¬ 
nately  assigned  to  the  corresponding  nodal  points 
supplied  by  potentially  additional  nodal  masses 
('lumped  mass  model’).  Referring  to  stability  the 
explicit  scheme  demands  for  a  time  step  less  than 
a  critical  value.  As  however  explicit  methods  fa¬ 
cilitate  the  description  of  nonlinearities  and 
arbitrary  constitutive  equations,  and  as  the  ana¬ 
lysis  of  shock  wave  propagation  calls  for  small 
time  steps  anyway,  the  conditional  stability  of 
the  chosen  scheme  appears  not  too  restrictive. 

Using  the  kinetic  quantities  of  the  nodal 
points  the  element  strains  and  -  based  on  the 
corresponding  constitutive  laws  -  the  element 
stresses  resulting  from  straining  and  damping  are 
calculated.  The  resulting  element  stresses  are 
assigned  to  the  nodal  points  in  terms  of  inner 
forces  to  enter  the  integration  within  the  next 
time  step. 


MATERIAL  MODELS 

Due  to  die  intense  stressing  of  material  during 
inpact  ana  penetration  the  numerical  model  has  to 
include  the  entire  domain  of  deformation  characte¬ 
rized  by  linear  elastic  behavior,  nonlinear  beha  - 
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vior  as  well  as  failure-  and  post-failure-behavior 
of  the  respective  materials. 

lhe  models  implemented  in  DYSMAS/L  use  a  fully 
incremental  plasticity  model ,  capable  o':  strain 
hardening,  for  the  representation  of  arbitrary 
stress-strain  relationships  fcr  ductile  and  britt¬ 
le  materials.  Ibis  model  describes  the  arbitrary 
material  behavior  by  means  of  mechanical  sublayers. 
Each  sublayer  has  a  different  yi-M  stress  and 
cross-sectional  area  in  order  to  force  the  mate¬ 
rial  to  conform  the  input  stress-strain  relation¬ 
ship  for  the  uniaxial  case.  The  stress  calculation 
is  performed  independently  for  the  respective 
layers.  The  resulting  stress  is  calculated  by  a 
weighted  summarizing  of  the  sublayer  stresses. 


YIELDING  CONDITIONS 


Within  the  sublayer  model  according  to  M30Z  /3/ 
yield  stresses  are  defined  only  for  the  individual 
sublayers  with  ideal-elastic-plastic  characteri¬ 
stics.  The  yield  stress  of  the  one-dimens ionally 
loaded  cross-section  corresponds  to  the  yield  sur¬ 
face  within  the  domain  of  principal  stresses  in 
the  case  of  triaxial  straining.  The  yield  surface 
encloses  the  regime  of  ideal -elastic  material  be¬ 
havior,  i.e.  a  stress  pattern  within  the  surface 
effects  ideal-elastic  deformation.  States  of 
stress  on  the  yield  outface  indicate  plastic  de¬ 
formation  whereas  states  of  stress  outside  the 
yield  surface  are  not  allowed.  Generally  the  yield 
surface  is  related  to  the  first  Invariant  of  the 
stress  tensor,  i.e.  the  hydrostatic  pressure,  as 
well  as  to  the  second  and  third  invariant  of  the 
deviatoric  stresses. 


The  yield  surfaces  implemented  in  the  code 
DYSMAS/L  with  respect  to  the  penetration  of  rein¬ 
forced  concrete  structures  are  the  yield  surfaces 
according  to  v.  M1SES  and  to  WILIAM/WARNKE.  The 
former,  appropriate  for  steel,  represents  a  func¬ 
tion  of  the  second  deviatoric  invariant  of  the 
stress  deviator  g  and  of  the  octahedral  shear 
stress  t  respectively: 

I  ’  *2  .-2- 

2  J  F  2 
This  formulation  is  independent  from,  the  hydro¬ 
static  pressure.  In  the  domain  of  principal  stres¬ 
ses  this  yield  surface  constitutes  a  circular  cy¬ 
linder  with  the  radius  r  and  the  axis  as  equisec- 
trix  (fig.  1): 


To2  ~ 
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Fig.  1:  Yield  surface  according  to  v.  Misea 


Contrary  to  steel  the  stress-strain  relation  of 
concrete  is  dependent  cm  the  hydrostatic  pressure 
/4/.  The  application  of  the  'MROZ'  sublayer  model 
to  this  relation  leads  to  yield  surfaces  in  the 
principal  stress  space  which  are  dependent  on  the 
hydrostatic  pressure  and  moreover  are  affine  to 
the  failure  surface  for  concrete  -  here  modelled 
according  to  WILLAM/WARNXE  /5/, 

Consequently  the  yield  surface  -  geometrically 
similar  to  the  failure  surface  -  represents  an 
elliptic  paraboloid  with  the  axis  as  the  equisec- 
trix  of  the  principal  stress  space  and  with  the 
apex  in  the  region  of  hydrostatic  tension  (fig.  2). 


Fig.  2:  Yield  surface  accord,  to  Willam/Warnke 


The  hydrostatic  section  consists  of  two  diffe¬ 
rent  parabolas  above  and  below  the  equisectrix. 
The  position  within  the  principal  stress  space  is 
determined  by  the  angle  0  .  The  shape  of  the  para¬ 
bolas  is  defined  by  five  parameters,  collectively 
related  to  the  uniaxial  compressive  strength  of 
concrete: 

-  biaxial  compressive  strength 

-  uniaxial  tensile  strength 

-  hydrostatic  stress 

-  average  shear  stress 

-  average  shear  stress 

Moreover  both  parabolas  are  required  to  pass 
through  a  common  apex  at  the  equisectrix  thus  pro¬ 
viding  another  constraint  condition  for  the  de¬ 
scription  of  the  hydrostatic  section  along  the 
'tensile'  (# »  o°)  and  and  the  'compressive'  ( 9  - 
60°)  meridian. 

The  deviatoric  trace  is  oonposed  of  triple-sym¬ 
metric  elliptic  sections  defined  by  the  position 
vectors  r,  .  Consequently  the  posi¬ 

tion  vector  r  in  the  deviatoric  sec:ior.  of  the 
paraboloid  results  as 

r  -r  (0,^  ({)  ,r2  (f )  ) 

The  surface  composed  in  this  way  is  still  indepen¬ 
dent  from  the  uniaxial  compressive  strength  of  the 
concrete  fcu  in  case  of  a  failure  surface,  or  from 
the  sublayer  yield-stress  a .  in  case  af  a  yield 
sul face  according  to  to  the  'MROZ'  sublayer  model 
respectively. 
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According  to  /5/,  the  position  vector  s  is  pro¬ 
portional  to  the  octahedral  shear  stress  to  of  the 
yield  state:  i/T  t 


The  octahedral  shear  stress  r0  again  is  direct¬ 
ly  proportional  to  the  equivalent  stress  %  accor¬ 
ding  to  the  hypothesis  of  minimization  of  deforma¬ 


tion  energy: 


Herewith  the  uniaxial  equivalent  stress  °F  can  be 
assigned  to  any  state  of  stress  on  the  yield  sur¬ 
face  described  by  the  position  vector  r: 


Consequently  there  is  yielding  within  a  sublayer 
if  the  equivalent  stress,  calculated  from  the 
actual  state  of  stress,  exceeds  die  yield-crite¬ 


rion. 


FLOW  RULE 

If  the  stress  pattern  violates  che  yielding  cri¬ 
terion  a  redistribution  is  accounted  for  when  cal¬ 
culating  the  internal  forces.  The  redistribution 
require.-  additional  information  concerning  the 
relation  between  increments  of  plastic  strain, 
stress  and  stress  increment  in  order  to  describe 
the  plastic  behavior  of  the  material. 

In  the  case  of  material  flow,  defined  by  the 
occurrence  of  an  inadmissible  state  of  stress  out¬ 
side  the  yield  surface,  the  stress  vector  will  be 
set  back  to  the  yield  surface,  splitting  die  state 
of  strain  into  an  elastic  and  a  plastic  part. 
Plastic  straining  does  not  contribute  to  the  ela¬ 
stic  strain  energy;  only  the  elastic  part  contri¬ 
butes  to  a  stress  increment.  Moreover  it  is  assu¬ 
med  that  the  stress  deviator  resulting  from  the 
elastic  part  is  proportional  to  the  strain  devia- 


According  to  HENCKY,  the  instantaneous  state 
of  plastic  straining  is  determined  directly  from 
the  elastic  state;  contrary  to  the  also  inplemen- 
ted  formulation  of  PRANDTL/REUSZ ,  hysteresis  con¬ 
nected  with  cyclic  loading  cannot  be  described 
with  this  type  of  flow  rule.  The  updated  state  of 
stress  is  assumed  to  be  the  intersection  between 
the  stress  increment  A£'£2-s,  and  the  yield  surfa¬ 
ce  which  leads  to  the  following  distribution  of 
the  strain  tensor  i  ‘iw’Jpi  with  the  elastic  part 
X,|  and  the  plastic  part  Xpi  : 


Herein  cv  represents  the  equivalent  stress  calcu¬ 
lated  from  the  state  and  from  the  dilata¬ 
tion  of  volume  e. 


The  flow  rule  according  to  PRANDrL/REUSZ  is  based 
on  the  normality  principle  which  means,  that  the 
plastic  strain  increment  is  normally,  the  elastic 
strain  increment  tangentially  directed  to  the 
yield-surface,  defined  in  the  stress -domain;  this 
is  prerequisite  for  the  description  of  elasto- 
plastic  redistribution  of  stresses. 


FAILURE-  AND  FOST-FAILURE-BEHAVIOR 

As  in  penetration  processes  the  material  strai¬ 
ning  generally  lead  s  not  only  to  plastic  deforma¬ 
tion,  but  also  causes  material  failure,  the  code 
is  supplied  with  different  fracture  models.  The 
respective  concepts  however  do  not  simulate  the 
formation  and  propagation  of  cracks  in  a  pure  frac¬ 
ture  mechanical  sense,  but  rather  enable  a  more 
global  description  of  the  post-failure  material 
behavior  adequate  to  the  problem. 

Material  failure  occurs,  if  an  appropriate  mea¬ 
sure  for  strain  exceeds  a  certain  value.  In  the 
post-failure  regime  the  steel  is  capable  of  car¬ 
rying  hydrostatic  pressure,  whereas  hydrostatic 
tension  cannot  be  transferred.  Therefore  failure 
in  the  tensile  region  causes  the  stress  tensor  to 
be  set  to  zero,  whereas  in  the  compressive  mode 
only  the  deviator ic  components  are  set  to  zero 
with  remaining  hydrostatic  pressure.  For  concrete 
the  calculation  is  continued  with  reduced  sublayer 
yield-stresses.  After  severe  element  distortions 
in  the  post-failure  regime,  the  element  is  removed 
from  the  structure  distributing  its  nodal  masses 
to  newly  generated  nodes;  the  kinetic  energy  is 
kept  within  the  system  during  the  further  computa¬ 
tion,  as  the  newly  generated  nodal  points  preser¬ 
ves  the  coordinates  and  velocities  of  the  corres¬ 
ponding  nodes  of  the  remaining  structure.  Moreover 
a  contact-problem  for  the  resulting  structural  sur¬ 
face  and  the  additional  nodes  will  be  defined  such, 
that  the  fragments  will  be  able  to  interact  with 
arbitrary  parts  of  the  residual  structure. 

An  alternate  concept  allows  the  opening  of  the 
structure  at  the  boundaries  of  failed  elements;  in 
this  case  the  generation  of  new  nodal  points  and 
the  definition  of  contact-zones  between  disconnec¬ 
ted  elements  prevents  an  overlapping  of  the  struc¬ 
tural  parts  in  the  case  of  repeated  contact. 

CONTACT  PROCESSOR 

To  model  the  interaction  between  projectile  and 
concrete  structure  during  the  impact  and  penetra¬ 
tion  process  a  3D-moltibody  contact-processor 
describes  the  structural  removal  within  the  con¬ 
tact  zones,  effects  the  exchange  of  momentum  bet¬ 
ween  the  structures  in  contact  and  finally  deter¬ 
mines  the  contact  forces.  The  nodes  in  contact  are 
assumed  to  strike  fully  plastically.  The  spring- 
back  is  accomplished  by  the  elastic  reaction  of 
the  elements  behind  the  contact  zone.  The  proce¬ 
dure  is  based  on  a  generalized  master-slave  algo¬ 
rithm.  For  the  bodies  in  contact,  master  planes 
and  slave  points  are  defined.  The  slave  points 
of  one  body  may  not  intersect  the  muster  planes  of 
any  other  body.  During  time  integration  the  con¬ 
tact  processor  controls  whether  different  structu¬ 
ral  parts  are  overlapping  each  other.  In  case  of 
a  dynamic  contact  the  state  of  motion  is  modified 
in  such  a  manner,  that  nodal  points  belonging  to 
one  of  the  structures  in  contact,  which  have  pas¬ 
sed  through  the  interface,  are  reset.  Furthermore 
the  velocities  of  the  nodal  points  are  corrected 
with  regard  to  the  conservation  of  momentum,  and 
the  contact  forces  are  calculated  according  to  the 
dynamic  equilibrium.  Oiring  the  penetration  pro- 
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cess  elements  showing  large  deformations  are  eli¬ 
minated;  new  master  surfaces  and  slave  points  ari¬ 
sing  from  this  elimination  process  are  created  by 
the  contact  processor  autonomously. 


STRAIN-RATE  DEPENDENCY  OP  MATERIAL  STRENGTH 

High  rates  of  straining  which  may  be  signifi¬ 
cant  for  impact  and  penetration  processes,  affect 
the  strength  behavior  of  most  materials  end  conse¬ 
quently  to  a  certain  extent  the  dynamic  response 
of  structures  too.  As  far  as  experimental  results 
ace  available,  the  shock-  and  penetration-model 
accounts  for  these  effects  by  the  application  of  a 
relevant  set  of  stress-strain  curves  depending  on 
the  rate  of  straining. 


APPLICATION  OP  THE  CODE 

Hie  application  of  the  code  described  above  is 
demonstrated  by  the  simulation  of  projectile 
impact  and  penetration  into  different  configura¬ 
tions  of  shelter  gates  made  of  reinforced  concrete 
and  steel  components  involving  the  interaction 
between  penetrator  and  target. 


FE-MCDEL  OF  PROJECTILE  AND  TARGET 

To  enable  advantageous  axisymmetric  simulations, 
the  shelter  gates  are  represented  by  circular  pla¬ 
tes  with  radius  R  and  thickness  T,  modelled  with 
hinged  supports  at  the  boundaries.  The  concrete  of 
the  gates  is  modelled  by  solid  elements  characte¬ 
rized  by  8  nodal  points  and  12  integration  points. 
The  bending  teinforcement  -  arranged  at  the  outer 
and  inner  concrete  elements  -  is  described  by 
means  of  membrane  elements  with  each  4  nodal-  and 
integration  points.  The  shear  reinforcement  is 
represented  by  bar  elements  defined  by  two  nodes 
and  one  integration  point.  According  to  the  con¬ 
crete  grid  which  becomes  coarser  with  increasing 
distance  from  the  rotational  axis,  the  cross-sec¬ 
tional  area  of  the  bar  elements  increases.  The 
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Dim . 

Gate  I 

Gate  11 

Gate  thickness 

T 

m 

1.40 

0.66 

Thickness  of  concrete 
layer 

TC 

» 

1.40 

0.46 

Outer  radius  of  plate 

A1 

m 

4.00 

1.85 

Inner  radius  of  plate 

R 2 

m 

2.00 

1.20 

Thickness  of  inside 
steel  plate  St520 

TSI 

■ 

- 

0.02 

Thickness  of  outside 
steel  piste  St520 

TSA 

■ 

- 

0.12 

Bending  reinforcement 
inside  BSt  420/500 

FBI 

em'/m 

20.1 

49.2 

Bending  reinforcement 
outside  BSt  420/500 

FBA 

at  M 

7.7 

10.1 

Shear  reinforce  went 

BSt  420/500 

rs 

cmW 

6.6 

78.5 

Cce**essiw  strength 
of  concrete 

rv 

*/»• 

33 

33 

Table  Is  Characteristics  of  the  gate  discretizations 


steel  plates  covering  the  inside  and  the  lateral 
faces  of  the  second  gate-type  are  modelled  by 
plate  elements  supplied  with  a  moment-curvature 
relationship.  In  table  1  the  characteristic  quan¬ 
tities  of  the  analysed  gate  types  are  summarized. 

The  casing  of  the  assumed  representative  AP- 
projectile  is  idealized  by  means  of  4-node-plate 
elements  with  again  four  integration  points  res¬ 
pectively.  The  explosive  charge  -in  the  simulation 
supposed  to  be  inert  -  is  modelled  by  8-node  solid 
elements  with  12  integration  points  respectively. 
The  characteristic  values  of  the  projectile  are 
shown  in  table  2. 


Parameter 

Din 

Value 

Overall  length 

M 

1.00 

Max .  diameter 

HI 

0.36 

Total  mass  of  structure 

kg 

450 

Table  2s  Characteristic  values  of  the  projectile 


MATERIAL  PARAMETERS 

The  concrete's  uniaxial  stress-strain  rela¬ 
tionship  is  derived  from  the  parabolic-quadrilate¬ 
ral  diagram  which  is  basic  for  the  German  stan¬ 
dards.  For  both  gate-types  an  uniaxial  conpressive 
strength  33  N/mm*  is  assumed.  The  parameters  for 
the  failure  surface  according  to  Willam/Warnke  are 
taken  from  /5/.  Fcr  the  sublayers  yield  surfaces 
are  used  which  are  affine  to  the  failure  surface. 
Table  3  contains  a  summary  of  the  respective  input 
values . 

Concerning  steel,  the  stress-strain  relations 
are  characterized  by  the  strain-values  within  the 
region  of  reduced  cross-sectional  area  and  conse¬ 
quently  by  the  inherent  'true'  stresses.  The  true 
stress-strain  relation  is  supplied  in  terms  of  a 
polygonal  function  with  the  following  data  base  (0, 
0)»  (fp.Op)  ,  <(g,0q)  ,  (Ebe^e)  *  Table  4  shows  *** 


[  E»raaeet.r 

Ahbrev. 

Dim. 

Gate  I. II 

Young's  modulus 

S 

H/rnt 

3.0E04 

Poisson's  ratio 

p 

- 

0.2 

Strain  1 

1 

_ 

0.0008 

Vv 

H/mt 

24.6 

Strain  2 

/fl 

*2 

0.0020 

Stress  2 

f  | 

tymt 

32.0 

«) 

V 

Ultimate  strain 

*«, 

0.0100 

Uniaxial  compressive 

*cu 

Wml 

33.0 

strength 

Concrete  model  see. 

to  MIUAM/WUtKEi 

biaxial  concessive 

strength 

~ 

1.60 

tenclle  strength 

f, 

- 

0.15 

hydrostatic  pressure 

ti 

- 

3.67 

esen  Shear  stress 

r,<  *,.«•«*  1 

- 

1.59 

■aw  dMi  itrm 

>,:l,.a^a' 

- 

1.94 

Table  3:  Stress-strain  curves  for  concrete 
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general  pattern  of  the  stress-strain  diagram  and 
contains  the  parameters  for  the  respective  sorts 
of  steel. 


For  the  explosive  charge  of  the  projectile 
ideal-elastic-plastic  behavior  is  assumed  with  the 
parameters  from  /6/. 


Par  am  ter 

Atobrev. 

Din. 

Rein-'  ■ 
foroemnt 
— 

StM! 

plitc. 

Projectile's 

hull 

Sort  of  steel 

H/m 

BSt420/500 

St  520 

8tl2G0 

Young's  Modulus 

% 

N/mf 

2.1E10 

2.0E10 

2.1E10 

Yield  limit 

ti/m 

420 

330 

1150 

Now.  ultimate 

stress 

#B 

K/m 

500 

520 

1200 

Yield  strain 

V 

- 

0.002 

0.002 

0.006 

Tfcchr..  ultimate 
strain 

*e 

* 

0.150 

0.220 

0.100 

Table  4r  Param.  of  the  stress-strain  curves  for  steel 


RESULTS  OF  NUMERICAL  SIMULATION 

For  gate-type  I,  fig.  3  shows  the  penetration 
process  -  characterized  by  an  impact  velocity  of 
250  m/s  of  the  projectile  -  at  different  times. 
The  corresponding  time  history  of  the  projectile's 
kinetic  energy  shows  a  first  strong  decay  down  to 
20%  of  the  initial  value  within  the  first  two  ms; 
this  is  followed  by  a  less  inclined  part  which 
finally  leads  to  a  nearly  total  exchange  of  the 
initial  kinetic  energy  into  deformation  energy 


GATE  I  U.O  (r.s 


GAVE  I  4 . 5  mu 


GATE  I  7.2  ms 


Fig.  3:  Penetration  of  Gate  I 


DEFORMATION  Z  |M) 


Fig.  4:  Kin.  energy  of  projectile  during  penetration 

demonstrated  by  the  time  history  of  the  equivalent 
stress  and  strain  at  it's  tip  (fig.  6).  In  this 
case  the  equivalent  strain  reaches  25%  without 
exceeding  the  ultimate  strain  after  all.  The  stres¬ 
sing  of  the  rear  of  the  projectile  remains  within 
the  elastic  region.  For  time  intervals  of  0.45  ms, 
the  respective  states  of  deformation  of  the  gate- 
inside  are  drawn  on  fig.  7.  During  the  first  4.5 
ms  the  maximum  values  of  deformation  are  located 
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Fig.  5:  Sequence  of  failing  concrete  elements 


after  about  6.5  ms.  Ihe  reduction  of  kinetic  ener¬ 
gy  is  plotted  versus  the  depth  of  penetration  in 
fig-  4.  Fig.  5  pictures  the  time  dependent  failure 
sequence  of  the  concrete  elements;  the  elements 
inside  the  gate  near  the  rotational  axis  are  fai¬ 
ling  later  than  the  more  distant  situated  elements, 
i.e.  a  cone-shaped  failure  surface  results. 
Although  there  is  no  perforation,  the  concrete  at 
the  inside  of  the  door  is  severely  damaged.  The 
interactive  stressing  of  the  projectile’s  hull  is 


Fig.  6:  Equivalent  stress  and  strain  (projectile  tip) 


o.r»  ■.«  o.w  i.n  i.m  ,.w  r.M  «.«  in  i.m  IH 
INSIDE  SURFACE  OF  THE  6ATE  (a) 

Fig.  7:  States  of  deformation  for  the  gate-inside 

in  the  axis  of  the  penetrator;  later  they  are 
transferred  to  the  outer  regions,  effected  by 
the  failure-induced  vibrations  of  the  center  of 
the  gate.  The  inside  positioned  bending  reinforce¬ 
ment  is  stressed  up  to  the  yield-point  reaching  an 
equivalent  strain  of  1.2%  in  the  elements  near  the 
axis,  which  indicates  plastic  deformation  (fig.  8). 
However  the  bending  reinforcement  on  the  impacted 
face  is  destroyed  by  exceeding  the  ultimate  strain 
within  the  impacted  region. 


bending  reinforcement  indicate  elastic  stressing 
for  the  elements  arranged  at  the  inside  of  the 
gate.  Table  5  summarizes  the  essential  results  for 
the  evaluation  of  survivability. 
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am  xi  i.o 


. 

GkTE  1 

- 

GfiTL  11 

Penetration  depth 
of  the  projectile  (an) 

75 

10.5 

Ha a.  da for  nation  at  the 
inner  side  of  the  gate  (an) 

2 

2 

Straaaing: 

Outer  bending  reinforcement 

failura 

yielding 

lnn»r  binding  rtinforCMint 

yUldlng 

elastic 

behavior 

Hull  (ogival  son,) 

yielding 

failura 

Regaining  kinetic  energy 
of  the  projectile  (%) 

after  1.2  se 

50 

46 

after  2.5  m 

17 

— 

after  5.0  ks 

4 

— 

Perforation  of  the  gate 
probable? 

no 

no 

Fig.  9:  Penetration  Table  5:  Summary  of  results 
of  Gate  II 

CONCLUSION 


Vb  1.0  M  C.B  M  1.0  M  1.0  0.0  1.1 

TIME  T  «10->(mc) 

Fig.  8:  Equiv.  stress/strain  for  inner  reinforcement 

For  gate  il,  characterized  by  an  additional 
steel  shielding  at  the  impacted  face,  the  impact 
and  penetration  process  is  shown  for  intervals  of 
0.50  ms  (fig.  9).  In  this  case  the  gate  is  consi¬ 
derably  deformed  especially  within  the  irrpacted  ra- 
gion,  the  projectile  however  is  unable  to  further 
penetrationj  it's  hull  is  destroyed  within  the  ogi¬ 
val  zone,  recognizable  by  the  intensive  folding. 
The  time-history  of  the  projectile's  kinetic  ener¬ 
gy  firstly  reveals  a  weak,  then  an  increasing  li¬ 
near  decay  to  23  %  of  the  initial  value  at  0.38  ms. 
Subsequently  the  kinetic  energy  is  reduced  in  a 
parabolic  manner  to  43  %  of  the  original  amount. 
The  remaining  energy  does  not  render  possible 
further  penetration  of  the  projectile,  but  leads 
rather  to  the  extensive  destruction  of  it's  hull. 
The  bending  of  the  inside  surface  increases  up  to 
a  final  value  2.4  cm.  Comparable  to  gate  I  a  fai¬ 
lure  region  of  conical  shape  is  proceeding  with  an 
inclination  of  30°  to  the  inpact  axis.  The  time- 
histories  of  equivalent  stress  and  strain  for  the 


The  efficiency  of  numerical  methods  for  the 
simulation  of  inpact  and  penetration  processes  is 
demonstrated  by  means  of  the  code  DYSMAS/L,  espe¬ 
cially  developed  for  the  analysis  of  extremely 
dynamic  continuum  mechanics  problems.  The  presen¬ 
ted  numerical  results  just  give  an  insight  into 
the  extensive  possibilities  of  the  use  of  adequate 
code  formulation  especially  in  connection  with 
experiments  and  model  testing. 
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ABSTRACT 

This  paper  summarizes  some  experimental 
work  on  penetration  of  GP-bomb-models  in 
concrete  slabs.  The  objectives  of  these 
tests  were  to  study  the  deformation 
behaviour  of  the  bomb-case  during  pene¬ 
tration,  and  to  measure  the  X-t-diagram 
of  the  bomb  nose  in  the  first  phase  of 
penetration.  These  laboratory  scale  expe¬ 
riments  were  devised  in  order  to  comple¬ 
ment  field  tests  to  verify  design  as¬ 
sumption  of  burster  slabs  for  Avionics. 
For  these  tests  an  impact  velocity  of 
about  300  m/s  was  of  interest. 

Flash  X-ray  pseudocinematography  was  used 
to  measure  the  penetration  depth-time- 
diagram  and  the  case  failures  at  the  be¬ 
ginning  of  the  penetration.  This  method 
can  be  applied,  because  the  impact  pro¬ 
cess  can  be  repeated  in  exactly  the  same 
manner . 

The  test  results  show  that  on  the  bomb- 
model  no  case  failures  are  observable 
during  the  first  1000  sec  after  impact. 


BACKGROUND 

NATO  countries  are  vitally  concerned  with 
the  protection  of  Avionics  -  buildings 
against  direct  hits  of  conventional 
weapons.  Several  test  programs  (NWS, 
Meppen,  Eqlin  AFB,  ect.)  have  been  under¬ 
taken  to  determine  the  level  of  protec¬ 
tion  provided  by  various  overlay  systems. 
As  antipenetration  systems  concrete 
burster  slabs  with  different  thicknesses 
and  rock/rubble  burster  slabs  are  in 
discussion . 

The  purpose  of  our  effort  was  to  verify 
thickness  assumptions  of  the  concrete 
slabs,  and  to  study  the  behaviour  of  the 
bomb-case  failure  and  the  penetration 
depth-time  function  within  the  first 
phase  of  penetration.  To  perform  such 
tests  with  large  caliber  projectiles 
against  concrete  slabs  in  full  scale, 
means  high  costs,  and  they  are  time-con¬ 
suming.  Therefore,  we  h<,ve  performed  our 
te3t  program  on  a  model  scale.  The  scale 


factor  in  our  laboratory  tests  was  1  : 
4.5.  At  such  a  relatively  small  scaling 
factor  we  expect  no  significant  scaling 
effects  . 


FACILITY  DESCRIPTION  AND 
EXPERIMENTAL  SET-UP 

The  launcher  system  consists  of  the 
energy  reservoir,  the  hydrol.ic  cuppling 
device,  and  the  100  mm  diameter  smooth¬ 
bore  launch  tube.  For  low  impact  veloci¬ 
ties  (up  to  250  m/s),  compressed  air  is 
used  as  driver  gas.  For  higher  velocities 
a  powder  chamber  replaces  the  air  pres¬ 
sure  reservoir.  Energy  reservoir  and 
launch  tube  are  coupled  together  with  a 
hydrolic  clamp.  The  launcher  is  mounted 
on  a  stable  Buppnrt  without  a  recoil 
system  (Fig.  1). 

The  gun  fires  into  a  closed  range  consis¬ 
ting  of  two  parts,  the  blast-tank  with 
the  velocity  measurement  system  and  the 
sabot  catcher,  and  the  impact  chamber . 
Fig.  2  shows  a  schematic  drawing  of  the 
range . 

The  projectile  velocity  was  measured  by 
two  exact  positioned  velocity  pins  at  the 
muzzle  of  the  launch  tube  or  by  two 
direct  shadowgraph  stations.  The  projec¬ 
tile  velocity  is  determined  to  an  accura¬ 
cy  of  about  1  %. 

The  sabot  catcher  in  the  blast-tank  is 
built  up  by  bundles  of  strong  chains 
hanging  from  the  top  to  the  bottom  of  the 
blast  tank  (Fig.  3).  The  bundles  of 
chains  have  a  low  drag  against  the  muzzle 
blast,  but  they  are  able  to  stop  the 
ssbot  parts. 

The  impact  tank,  an  octogonal  steel 
construction  with  windows  on  each  side, 
has  a  large  door  at  the  rear  side  to 
in Bert  the  concrete  slab.  The  largest 
target  size  which  we  can  insert  into  the 
chamber  has  a  dimension  of  1  m  x  1  m  x 
0.5  m . 
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Impacts  in  concrete  or  rocks  produce  a 
lot  of  dust  during  projectile  penetra¬ 
tion;  therefore,  high  speed  photographic 
methods  using  visible  light  sources  fail 
after  a  short  duration  of  the  impact 
event.  This  is  the  reason  why  we  used  the 
method  of  flash  X-ray  cinematography, 
especially  the  method  of  pseudocinemato¬ 
graphy.  Thi3  method  consists  of  repeating 
the  whole  phenomenon,  with  gradually 
increasing  delays  between  the  beginning 
of  the  process  and  the  time  of  X-ray 
flashes.  This  method  can  be  applied  if 
the  phenomenon  to  be  studied  is  exactly 
reproducible.  For  the  cinematography  of 
the  penetration  of  the  bomb-model  in  the 
concrete  target,  three  separate  flash-X- 
ray  sources  are  used.  The  frame  separa¬ 
tion  is  achieved  by  a  simple  arrangement 
of  X-ray  tubes  and  film  cassettes  as 
shown  in  Fig.  4.  The  X-ray  sources  (180 
kV  Field  Emission  tubes)  are  triggered 
successively.  Tube  axis  are  oriented  in 
the  direction  of  the  concrete  plate  at 
grazing  incidence  with  respect  to  the 
target  front  side.  The  X-ray  tubes  are 
located  outside  the  impact  tank  and 
radiate  through  X-ray  transparent  windows 
into  the  tank  interior.  The  film  casset¬ 
tes  are  arranged  inside  the  tank,  fairly 
close  to  the  target,  in  order  to  obtain 
sharp  shadowgraphs  of  the  penetrating 
bomb  . 

The  first  flash  tube  i9  triggered  by  a 
contact  foil  at  the  front  aide  of  the 
target.  Fiducial  marks  are  installed  to 
measure  exactly  the  position  of  the  bomb 
model  during  penetration.  The  delay  time 
between  the  flash  X-ray  bursts  is  measu¬ 
red  by  electronic  counters  on  the  same 
time  base. 

At  the  rear  side  of  the  concrete  slabs, 
thin  strips  of  cupper  foils  are  glued  to 
the  surface.  If  cracks  run  over  the 
foils,  electric  circuits  are  interrupted. 
The  electric  signals  indicate  the  begin¬ 
ning  of  crack  formations  at  tile  rear  side 
of  the  target. 


TEST  PROGRAM 

The  type  of  projectile  used  in  the  pro¬ 
gram  is  shown  in  fig.  5.  It  is  a  subscale 
(1  :  4.5)  model  of  the  GP-bomb  MK8  3  .  The 
laboratory  projectiles  were  fabricated  of 
a  steel  with  a  tensile  strength  larger 
than  800  N/mm‘.  Only  the  main  dimensions 
of  the  bomb  are  scaled  exactly,  details 
like  fins,  fuses,  support  elements,  etc. 
have  been  ignored.  The  bomb-models  are 
loaded  with  a  resin  quartz  powder  mixture 
having  roughly  the  same  mechanical  pro¬ 
perties  as  the  explosive  filler  composi¬ 
tion  8  of  the  MK83-GP-bomb . 


A  four  piece  styrofoam  sabot  with  a  poiy- 
ethylen  pusher  is  used  for  launching  the 
projectiles  (Fig.  6).  For  the  measurement 
of  the  depth  of  the  penetration  the  case 
was  equipped  with  thin  brass  rings  at 
exact  measured  positions.  On  the  X-ray 
shadowgraphs  these  rings  can  easily  be 
seen . 

All  targets  were  constructed  of  concrete 
using  a  mix  design  intended  to  yield  a 
compressive  strength  of  BN35  quality.  The 
slabs  have  a  low  reinforcement  with  one 
mat  each  at  the  front  and  at  the  rear 
side.  The  details  of  the  projectiles  and 
targets  are  summarized  in  the  following 
table  I.  The  impact  velocity  for  all 
tests  was  about  248  m/s  +  10  m,  and  the 
angle  of  incident  for  all  tests  was  Nato 
0°. 


TABLE  I 


parameters  of  concrete  slabs 


model 

original 

dimansion ; 

80  x  60  x  30  cm 

320  x  320  x  120  cm 

80 x  80  x  35  cm 

320  x  320  x  140  cm 

80x  80  x  40  cm 

320  x  '.20  x  160cm 

rsinforcamsnt : 

one  mat  each  at  front 

-and  rear  side 

thickness  of 

reinforcement 

4mm 

16  mm 

mesh  distancs 

5cm 

20cm 

compression  strength  BN  35 

BN  35 

max.  grain  size 

8  mm 

32  mm 

parameters  of  the  bomb 
type  MK  83 

model 

original 

dimension : 

length 

42.6  cm 

191.7  cm 

diameter 

7.9cm 

35.  cm 

loading 

resin  and  quartz 
powder 

composition  b 

tensile  strength 

eSOON/mm2 

RESULTS 

fcOOON/mm2 

A  typical  aeries  of  flash  X-ray  pictures 
with  the  reconstruction  of  the  penetrated 
part  of  the  projectile  in  the  concrete 
slab  is  presented  in  Fig.  7.  From  this 
series  and  from  others  no  case  failures 
were  detected. 

The  flash  X-ray  pictures  with  the  posi¬ 
tion  of  the  projectile,  and  the  measured 
time  delay  between  contact  and  exposure 
are  the  fundamental  basis  for  the  calcu¬ 
lation  of  the  X-t-diagram.  Such  e  X-t- 
diagram  is  shown  in  Fig.  8.  The  vertical 
dashed  line  indicates  the  occurence  time 
of  the  first  cracks  at  the  rear  Bide  of 
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SUMMARY 


the  target.  At  thicknesses  of  30  respec¬ 
tively  35  cm,  that  means  in  full  scale 
120  respectively  140  cm,  the  bomb-model 
perforated  the  burster  slabs  with  a 
Burplus  of  residual  kinetic  energy.  The 
consequence  of  this  was  a  large  deforma¬ 
tion  of  the  bomb  noses  caused  by  an 
impact  on  a  steel  plate  catcher  benind 
the  target  (Fig.  9  left).  At  a  burster 
slab  thickness  of  36  cm  (origirai  160  cm) 
the  bomb-model  can  perforate  the  slab 
with  a  sma 1 1  surplus  of  residual  kinetic 
energy.  In  this  case,  no  significant  case 
failures  were  observed  on  the  recovered 
bomb-model  (Fig.  9  right). 

The  typical  target  damage  is  shewn  in 
Fig.  10  a  -  d)  with  photographs  from  the 
front  and  the  rear  side. 


*  The  accordance  uf  our  results  with  full 
scale  tests  is  satisfactory. 

*  A  target  thickness  of  about  36  cm 
(original  16U  cm)  guarantees  a  suffi¬ 
cient  protection  level  against  MK83- 
bomb  threat  at  impact  velocities  lower 
than  25C  m/a  end  attack  angles  larger 
than  rero  degree. 

*  No  significant  case  failures  were  ob¬ 
servable  at  impact  velocities  smaller 
than  250  m/a. 

*  The  method  of  flash  X-ray  cinematogra¬ 
phy  ia  applicable  for  concrete  penetra¬ 
tion  testa. 


FIGURES 


Fig.  1:  Photograph  of  the  launcher 


Fig.  3:  Saoot  catcher 


blart  tonic 


impact  tank 


4  Fig.  2:  Schematic  drawing  of  the  range 
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EFFECT  OF  STRESS  STATE  ON  VELOCITIES  OF  LOW-AMPLITUDE 
COMPRESSION  AND  SHEAR  WAVES  IN  DRY  SAND 

K.H.  Stokoe,  II,  S.H.H.  Lee,  and  H.Y.F.  Chu 


Department  of  Civil  Engineering 
The  University  of  Texas  at  Austin 


ABSTRACT 

The  effect  of  state  of  stress  on  compression 
and  shear  wave  velocities  wa^  examined  for  waves 
propagated  as  body  waves  through  a  dry  sand  mass. 
Testing  was  performed  In  a  large-scale  trlaxlal 
device  In  which  cubic  soil  samples  measuring  7  ft  on 
a  side  were  loaded  in  Isotropic,  biaxial,  and  tnax- 
Ial  states  of  stress.  Compression  and  shear  waves 
were  propagated  along  principal  stress  axes  of  the 
sample  over  a  range  In  pressure  from  10  to  40  psl. 
All  testing  was  performed  at  low-amplitude  strains 
(less  than  0.001  percent)  and  at  wave  frequencies 
less  than  3000  Hz.  Compression  wave  velocity  was 
found  to  depend  almost  solely  on  the  principal 
stress  In  the  direction  of  wave  propagation.  Shear 
wave  velocity  was  found  to  depend  about  equally  on 
the  principal  stresses  In  the  directions  of  wave 
propagation  and  particle  motion  and  was  determined 
to  be  relatively  Independent  of  the  third  principal 
stress. 


INTRODUCTION 

Shear  and  compression  wave  velocities  of  soils 
are  often  obtained  1  r-om  field  testing  or  laboratory 
measurements.  Once  velocities  are  determined, 
shear,  constrained  and  Young's  moduli  of  the  soil 
c«"  be  calculated.  These  soil  moduli  are  used  In 
dynamic  sol . -structure  Interaction  analyses  for 
su.,1  train  problems  such  as  machine  foundations 
and  as  refere-.e  values  for  la mer-straln  problems 
sr-h  ,  e  "  thquake  shaMng  or  blast  loading.  A  tho¬ 
rn:,  jn  understanding  of  cne  interela  .  ^shlp  betwee.. 
wave  velocity  a 'd  state  of  stres  s,  therefore, 
requi-ed  for  the  prediction  of  ground  response  under 
dynamic  loading 

With  funding  from  the  U.S  Air  Forca  Office  of 
Scientific  Recea'-ch  (AF0SR),  a  large-scale  trlaxlal 
testing  device  for  seismic  wave  propagation  studies 
nas  been  designed  and  constructed  [References  I  and 
2],  1he  device  Is  used  to  load  7-ft  cubes  of  dry 
sand  under  various  states  of  trlaxlal  stress  with 
principal  effective  stresses  ranging  from  10  to  40 
psl.  Measurements  of  velocities  of  compression  (P) 
and  shear  (S)  waves  propagating  through  the  sand 
skeleton  are  performed  with  accelerometers  embedded- 
within  the  sand  body.  Wavelengths  and  frequencies 
are  generally  In  the  range  of  0.5  to  1.5  ft  and  500 
to  1500  Hz,  respectively.  Strains  In  the  soil  skel¬ 
eton  are  less  than  0.001  percent. 


An  overview  of  the  second  series  of  tests  with 
this  device  are  presented  herein.  These  tests  were 
performed  to  study  the  behavior  of  P-  and  S-waves 
polarized  along  principal  stress  directions;  that 
is,  the  seismic  waves  were  excited  so  that  the 
directions  of  wave  propagation  and  particle  motion 
were  always  parallel  to  principal  stress  directions. 
Results  from  the  second  series  of  tests  were 
selected  for  presentation  because  of  the  more  exten¬ 
sive  testing  performed  in  this  series  of  tests  as 
compared  with  the  first  test  series. 

URGE-SCALE  TRIAXIAL  DEVICE 

The  large-scale  trlaxlal  testing  device  Is  a 
free-standing,  heavily-reinforced  steel  box  with 
Interior  dimensions  of  7  ft  on  a  side.  The  purpose 
of  the  device  Is  to  confine  dry  soil  under  trlaxlal 
states  of  stress.  A  sketch  of  the  device  with  soil 
and  some  Instrumentation  In  place  is  shown  In  Fig. 
1.  To  date,  the  only  soil  tested  has  baen  dry  sand. 
Equipment  associated  with  the  device  Is  used  to:  1. 
place  sand  Into  the  device,  2.  pressurize  the  sand 
mass  to  the  desired  stress  state,  3.  generate  com¬ 
pression  or  shear  waves  in  the  sand  mass,  4.  monitor 
and  digitally  record  these  waveforms,  and  5.  monitor 
stress  and  strain  throughout  the  sand  sample  during 
testing. 


excitation 

port  accelerometer 


Fig.  1  -  Cut-Away,  Isometric  View  cf 
Large-Scale  Triaxiai  Device. 
(Reference  1). 
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Each  wall  of  the  trlaxlal  device  Is  designed  to 
represent  a  principal  plane  so  that  axes  perpendic¬ 
ular  to  the  walls  of  the  device  represent  principal 
directions.  To  permit  independent  control  of  the 
pressure  In  each  of  the  three  principal  directions, 
confining  pressures  are  applied  to  the  soil  mass 
using  three  membranes  (water  pressure  bags)  placed 
on  the  Inside  of  the  triaxial  device;  one  on  the  top 
and  one  on  each  of  two  adjacent  sides.  Each  membrane 
has  two  ports  located  at  opposite  corners  so  that 
water  can  be  allowed  to  fill  up  or  drain  from  the 
membrane.  When  the  membranes  are  full  of  water,  air 
pressure  Is  used  to  pressurize  them.  To  protect  the 
membranes  from  damage  by  soil  particles  and  to  mini¬ 
mize  any  friction  (hence  shearing  stresses)  it  the 
soil-membrane  interface,  several  layers  of  plastic 
sheets  with  grease  between  them  are  placed  between 
the  soil  and  each  membrane. 


In  the  center  of  each  wall  not  covered  by  a  mem¬ 
brane,  ports  have  been  constructed  so  that  mechan¬ 
ical  coupling  can  be  made  between  the  soil  in  the 
device  and  mechanical  exciters  outside.  Mechanical 
Impulses  applied  at  the  ports  are  used  to  excite  P- 
and  S-waves  In  the  soil.  A  single  Impulse  parallel 
to  the  axis  of  the  device  Is  used  to  generate 
P-waves.  A  single  Impulse  perpendicular  to  the  axis 
(parallel  to  the  wall  of  the  device)  Is  used  to 
excite  shear  waves.  However,  two  different  shear 
waves  can  be  excited.  The  waves  have  the  same  direc¬ 
tion  of  propagation  which  Is  parallel  no  a  principal 
axis  but  have  deferent  directions  of  particle 
motion.  Particle  motion  of  the  first  S-wave  Is 
polarized  parallel  to  one  principal  stress  axis 
while  particle  motion  of  the  second  S-wave  Is  polar¬ 
ized  parallel  to  the  other  principal  stress  axis. 
All  of  these  waves,  excited  at  one  port,  are  shown  in 
Fig.  2. 


Fig.  2  -  Types  of  Seismic  Waves  Generated  at 
One  Excitation  Port. 


The  generated  waves  In  the  soil  mass  are 
recorded  and  interpreted  with  various  electronics. 
An  array  of  24,  low-frequency,  high-sensitivity  pie¬ 
zoelectric  accelerometers  has  been  used.  These 
accelerometers,  packaged  in  3-D  configurations,  are 
placed  In  the  soil  mass  during  construction.  The 
pattern  inside  the  soil  mass  used  in  these  tests  Is 
Illustrated  In  Fig.  3.  Two  digital  storage  oscillo¬ 
scopes  with  floppy  disks  for  permanent  storage  were 
used  to  record  the  accelerometer  signals. 


Legend:  1 .  NS  •  north-south  principal  axis 

EW  «  ease-west  principal  axis 
TB  -  vertical  (top-bottou) 
principal  axis 

2.  S,  E  and  B  are  locations  of 
excitation  ports. 

Fig.  3  -  Schematic  View  of  3-D  Accelerometer 
Locations. 

SOIL  TESTED 

The  soil  used  In  these  tests  Isa  medium  dense, 
washed  mortar  sand  which  classifies  as  SP  In  the 
Unified  Soil  Classification  System.  The  sand  has  a 
specific  gravity  of  2.67  and  a  mean  grain  diameter 
of  about  0.46  mm.  This  sand  was  selected  for  several 
reasons.  First,  It  Is  easy  to  handle  ana  place,  and 
when  placed  by  the  raining  technique,  uniform  medl- 
um-danse  samples  can  be  obtained  which  can  be  dupli¬ 
cated  from  or.e  test  series  to  the  next.  Second,  the 
static  and  dynamic  properties  of  the  sand  are  essen¬ 
tially  Independent  of  time  of  loading  which  means 
testing  can  proceed  as  rapidly  as  data  can  be  gath¬ 
ered.  Third,  seismic  waves  transmitted  through  the 
dry  sand  evaluate  properties  of  the  soil  skeleton 
which  Is  the  purpose  of  this  project.  Finally,  the 
dynamic  properties  of  dry  sand  are  Insensitive  to 
frequency  and  number  of  cycles  of  loading  In  and 
below  the  strain  and  frequency  ranges  <n  these 
tests. 
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The  sand  sample  was  constructed  by  raining  the 
soil  through  air  (pluviatlon) .  This  technique  was 
chosen  over  other  methods  because  of  the  efficiency 
and  uniformity  of  placement  attainable  with  this 
technique.  Raining  sand  through  air  yields  uni  form, 
medium-dense  samples  when  the  height  of  fall  Is  a 
few  feet.  A  7-ft  v/lde  ralner  was  therefore  con¬ 
structed.  The  ra'lner  travelled  In  the  east-west 
direction  on  a  collar  which  elevated  the  ralner  3  ft 
above  the  top  of  the  trlaxlal  device.  With  tnls 
ralner,  a  uniform  sand  sample  was  constructed  with 
an  average  density  of  101.6  pcf  and  a  standard  devi¬ 
ation  of  2.0  pcf.  Instrumentation  was  placed  In  the 
sample  at  the  desired  elevations  by  simply  stopping 
the  filling  process  at  those  elevations. 

TESTING  SERIES 

Once  the  sample  was  constructed,  wave  propa¬ 
gation  measurements  were  performed  under  various 
states  of  stress.  The  first  step  was  to  perform 
tests  with  Isotropic  confinement  (o’po 2=03) •  This 
state  of  confinement  is  the  simplest  state  that  can 
be  applied  with  the  trlaxlal  device,  and  the  effect 
of  stress  state  on  velocity  Is  the  easiest  to  ana¬ 
lyze.  Moreover,  this  state  of  confinement  elimi¬ 
nates  stress  as  a  contributing  factor  for  different 
values  of  P-  and  S-wave  velocities  measured  along 
each  of  the  principal  axes  at  a  given  stress.  Thus, 
this  state  permits  evaluation  of  structural  aniso¬ 
tropy  (also  called  inherent  anisotropy)  and  stress 
hi  story. 

After  studying  the  effect  of  Isotropic  confine¬ 
ment  on  wave  velocities,  an  exhaustive  set  of  tests 
with  biaxial  confinement  was  performed.  Conditions 
of  biaxial  confinement  were  obtained  by  keeping  the 
Intermediate  principal  effective  stress  equal  to 
either  the  minor  principal  effective  stress 
(oj >02=03)  or  the  major  principal  effective  stress 
The  complete  set  of  biaxial  tests  was 
composed  of  two  test  series:  the  first  with  confin¬ 
ing  stress  varying  In  only  one  principal  direction 
and  the  second  with  confining  stress  varying  In  two 
principal  directions.  Only  a  few  of  the  results  are 
presented  herein  because  of  space  considerations. 
Also,  testing  with  trlaxlal  states  of  stress  are  not 
presented  herein  because  of  space  limitations. 

WAVE  VELOCITY  MEASUREMENTS 

Waveforms  of  compression  and  shear  waves  were 
monitored  under  each  confining  pressure  and  were 
recorded  on  magnetic  disks  using  the  two  digital 
oscilloscopes.  These  records  were  then  analyzed  for 
propagation  velocities,  frequencies,  and  strain 
amplitudes.  However,  only  wave  velocities  are  dis¬ 
cussed  herein.  The  other  Information  Is  found  In 
References  1  through  4. 

Determination  of  wave  velocity  was  quite 
straightforward.  With  known  distances  between 
accelerometers  (measured  during  sample  con¬ 
struction)  and  measured  travel  times  of  the  waves, 
wave  propagation  velocities  were  simply  calculated 
by  dividing  the  distances  by  the  corresponding  trav¬ 
el  times.  The  waveforms  recorded  on  the  magnetic 
disks  were  recalled  using  the  same  digital  oscillo¬ 
scopes  used  In  monitoring  the  waves,  and  travel 


times  were  estimated  from  first  arrivals  of  the 
waves  at  each  accelerometer. 

ISOTROPIC  CONFINEMENT 

An  Initial  series  of  tests  was  performed  under 
Isotropic  loading  to  evaluate  any  effect  of  stress 
history.  Confining  pressures  were  increased  from  10 
to  40  psl.  The  sand  specimen  was  then  unloaded  to  10 
psl .  At  each  state  of  Isotropic  confinement,  P-  and 
S-wave  velocities  were  determined  as  the  average  of 
two  interval  velocities  along  each  of  the  principal 
axes,  except  for  the  north-south  axis  along  which 
three  interval  velocities  were  used.  Average  Inter¬ 
val  velocities  were  then  plotted  against  the  corre¬ 
sponding  confining  pressure  on  log-log  paper  for 
each  of  the  principal  axes. 

The  variation  in  P-wave  velocity  with  Isotropic 
confinement  Is  shown  in  Fig.  4.  Compression  wave 
velocity  Increases  as  confining  pressure  Increases, 
with  the  relationship  well  represented  by  a  straight 
line.  A  least-squares  method  was  used  to  fit  the 
data  for  loading  and  unloading  separately.  The 
unloading  data  exhibit  slightly  flatter  slopes  than 
those  for  the  loading  data.  The  slops  of  each  log  Vp 
-  log  o0  relationship  is  denoted  as  m  (n  for  the 
S-wave).  The  hysteresis  effect  shown  in  Fig.  4 
results  In  wave  velocities  being  slightly  larger 


Mean  Effective  Confining  Pressure,  SQ  ,  psi 

Fig.  4  -  Variation  of  P-wave  Velocity  with. 
Isotropic  Confining  Pressure. 
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upon  unloading.  This  effect  Is  most  Important  at 
the  lowest  pressure.  However,  the  largest  variation 
In  wave  velocity  upon  loading  and  unloading  was  only 
6  percent  for  the  P-wave  and  only  5  percent  for  the 
S-wave.  The  hysteresis  effect  upon  velocity  was, 
therefore,  not  significant,  and  averages  of  values 
obtained  from  both  loading  and  unloading  were  used 
in  all  analyses. 

Results  from  shear  wave  tests  are  more  compli¬ 
cated  to  present  than  the  P-wave  results  because  six 
shear  waves  were  mesured  at  each  confining  pressure. 
Therefore,  only  averages  of  velocities  for  loading 
and  unloading  are  shown  In  Fig.  5.  Inserts  In  the 
figure  Illustrate  the  six  waves.  The  nomenclature 
used  for  each  shear  wave  consists  of  four  symbols. 
The  first  two  symbols  denote  the  direction  of  wave 
propagation  and  the  second  two  symbols  denote  the 
direction  of  particle  motion.  Therefore,  the  shear 
wave  denoted  as  NSEW,  for  Instance,  represents  a 
wave  propagating  In  the  north-south  (NS)  direction 
with  particle  motion  polarized  along  the  east-west 
(EW)  direction. 


15  20  30  40 


Mean  Effective  Confining  Pressure,  oc»  psi 

Fig.  5  -  Variation  of  Shear  Wave  Velocity 
with  Isotropic  Confining  Pressure. 


As  seen  In  Fig.  5,  the  log  Vs  -  log  oQ  relation¬ 
ships  can  be  represented  by  straight  lines  just  as 
In  the  P-wave  case.  Also,  the  slopes  (n)  of  these 
relationships  for  the  shear  wave  are  nearly  the  same 
as  those  found  for  the  P-waves.  Only  the  values  of 
wave  velocity  differ,  with  V$  <  Vp. 

Structural  anisotropy  is  the  Inherent  anisotro¬ 
py  In  the  soil  skeleton  which  causes  a  difference  1 1, 
soil  properties  (Including  wave  velocities)  In  dif¬ 
ferent  directions  under  Isotropic  loading.  (Soil 
properties  will  vary  with  direction  If  the  stresses 
vary,  and  this  Is  referred  to  as  stress-induced  ani¬ 
sotropy).  A  certain  amount  of  structural  anisotropy 
was  believed  to  have  been  Induced  In  the  sample  as  a 
result  of  the  raining  operation  used  to  build  the 
sample.  Therefore,  It  was  necessary  to  evaluate  the 
magnitude  and  Importance  of  the  effect  of  structural 
anisotropy  on  P-  and  S-wave  velocities  before  the 
general  effect  of  Isotropic  confinement  could  be 
studied. 

Average  P-wave  velocities  are  plotted  against 
Isotropic  confining  pressure  using  logarithmic  paper 
In  Fig.  6  (top  three  curves).  The  resulting  curves 
are  represented  by  three  best-fit  straight  lines 
that  are  almost  parallel.  The  curves  fall  into  two 
groups:  1.  for  waves  propagating  along  horizontal 
directions  (NS  and  EW)  In  which  case  the  velocities 
are  within  3.5  percent,  and  2.  for  waves  propagating 
along  the  vertical  direction  which  falls  below  the 
other  two  curves.  As  such,  structural  anisotropy  Is 
essentially  not  present  In  the  horizontal  plane  but 
does  exist  between  the  horizontal  and  vertical 
directions.  This  condition  Is  often  modelled  with  a 
cross-anisotropic  model. 

Shear  wave  velocities  shown  In  the  lower  part 
of  Fig.  6  fo  •  the  six  shear  waves  also  group  accord¬ 
ing  to  what  would  be  expected  for  a 
c-oss-anl sotropic  model.  The  two  waves  In  the  hori¬ 
zontal  plane  (NSEW  and  EWNS)  exhibit  nearly  the  same 
velocity  while  the  four  waves  In  the  vertical  plane 
(EWTB,  NSTB,  TBNS  and  TBEW)  show  some  scatter  In 
velocities  but  are  more  nearly  similar. 
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The  variation  In  wave  velocities  with  Isotropic 
confinement  can  then  be  represented  by  linear 
relationships  on  a  log-log  plot  In  a  power  form  as: 


V  =  C.o!" 

p  lo 

vs  =  t*2ao 


where: 

V 


$ 


(1) 

(2) 


P-wave  velocity,  In  fps, 

S-wava  velocity,  In  fps, 

Isotropic  confining  pressure,  in  psf, 
C?  =  constant  (Cj  =  Vp  when  o0  =  1  psf), 
ci  =  constant  (Co  =  Vs  when  o0  =  1  psf), 
nr  =  slope  of  straight  line  for  P-wave,  and 
n  =  slope  of  straight  line  for  S-wave. 


The  general  form  of  the  equations  is  unaffected  by 
structural  anisotropy,  which  only  affects  the  con¬ 
stants  Cj  and  Cg. 


BIAXIAL  CONFINEMENT 

Numerous  tests  were  ' onducted  using  biaxial 
confinement.  For  the  series  presented  herein,  test¬ 
ing  started  at  an  Isotropic  state  of  stress  of  15 
psi.  The  stress  in  the  vertical  (TB)  direction  was 
then  Increased  from  15  to  40  psi.  Finally,  the  ver¬ 
tical  stress  was  unloaded  from  40  to  15  psi.  The  two 
horizontal  stresses  were  held  constant  at  15  psi 
during  the  entire  series. 

The  variation  in  velocities  of  P-waves  propa¬ 
gating  along  each  principal  axis  for  these  biaxial 
loading  conditions  are  shown  in  Fig.  7.  All  wave 
velocities  are  plotted  against  the  confining  stress 
in  the  TB  direction  in  the  figure.  Compression  wave 
velocities  under  isotropic  conditions  (assuming  that 
the  isotropic  pressure  equals  the  pressure  In  the  TB 
direction)  are  also  shown  In  the  figure  for  compar¬ 
ison  purposes. 

As  shown  In  the  upper  portion  of  Fig.  7,  P-wave 
velocity  in  the  direction  of  increasing  confining 
stress  under  biaxial  confinement  varies  with  stress 
in  essentially  the  sume  manner  as  under  isotropic 
confinement.  These  results  suggest  that  the 
relationship  between  wave  velocity  and  confining 
stress  for  biaxial  confinement  can  be_patterned 
af^er  Eq.  1  for  Isotropic  confinement  If  o,  (stress 
in  the  direction  of  wave  propagation)  Is  substituted 
for  o’q.  (1  otropic  confining  stress).  The  resulting 
equation  1 s : 


It  Is  first  necessary  to  develop  a  notation  for  the 
stress  components.  The  notation  Is: 

oa  =  effective  principal  stress  in  direction  of 
_  wave  propagation, 

op  =  effective  principal  stress  In  direction  of 
_  particle  motion,  and 

oc  =  effective  principal  stress  in  out-of¬ 
plane  direction  (the  direction  perpendic¬ 

ular  to  the "5,  and  a.  directions) . 
a  d 
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Fig.  7  -  Variation  In  P-Wave  Velocities  Under 

Biaxial  Conditions  for  Stress  Increasing 
along  TB  Direction. 


=  C 

Va 


(3) 


This  equation  for  biaxial  confinement  only  relates 
P-wave  velocity  to  the  stress  In  the  direction  of 
wave  propagation,  stresses  In  the  other  two  princi¬ 
pal  directions  perpendicular  to  the  direction  of 
propagation  have  very  little  effect  on  P-wave  veloc¬ 
ity.  This  behavior  is  clearly  shown  in  the  middle 
and  bottom  portions  of  Fig.  7.  Compression  wave 
velocities  along  directions  of  constant  stress  are 
essentially  constant. 


As  with  isotropic  confinement,  the  behavior  of 
the  shear  wave  under  biaxial  confinement  Is  more 
complex  than  the  P-wuve.  To  discuss  this  behavior, 


The  variations  in  shear  wave  velocity  with  o. 
and  op  ara  shown  by  the  solid  lines  in  the  lower  and 
middle  portions  of  Fig.  8,  respectively .  In  each 
case,  the  slope  of  the  log  Vs  -  log  oa  or  -  log 
relationship  Is  about  half  of  that  found  under  iso¬ 
tropic  confinement.  The  dashed  lines  In  the  figure 
shows  the  behavior  of  each  shear  wave  under  Isotrop¬ 
ic  confinement,  If  the  Isotropic  stress  Is  assumed 
equal  to  the  stress  In  the  TB  direction.  The  affect 
of  oc  on  shear  wave  velocity  Is  shown  In  the  uppar 
portion  of  Fig.  8.  As  can  be  seen,  a.  has  essential¬ 
ly  no  effect  on  velocity.  This  behavior  ’eads  to  the 
following  equation  [after  Reference  5]: 


V  -  C  (fna  onb 
s  2°a  °b 


(4) 
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where: 

Co  =  constant 

nl  =  slope  of  log  V  -  log  a,  relationship,  and 
nb  =  slope  of  log  V*  -  log  relationship. 


In  this  equation,  the  mean  effective  principal 
stress  Is  replaced  by  the  stress  components  (ex¬ 
pressed  In  psf)  for  shear  wave  motion.  Ideally,  the 
sum  of  the  slopes  for  each  stress  component  (ma  +  mb) 
should  equal  the  slope  m  In  Eq.  2  (slope  of  the  log 
Vs  -  log  og  relationship  for  Isotropic  confinement) 
for  each  shear  wave  type.  The  constant,  Co,  repres¬ 
ents  the  physical  characteristics  of  the  sand  used 
In  testing,  Including  the  structural  anisotropy  of 
the  sand 
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Fig.  8  -  Variation  in  Shear  Wave  Velocity  under 
Biaxial  Conditions  for  Stress  Increasing 
along  TB  Direction. 


TRIAXIAL  CONFINEMENT 

Numerous  tests  were  also  conducted  under  trlax- 
ial  confinement.  Unfortunately,  space  limitations 
preclude  presentation.  The  results  did  show,  howev¬ 
er,  that  Eq.  3  holds  for  P-waves  and  Eq.  4  holds  for 
S-waver, . 


CONCLUSIONS 

One  sample  of  dry  sand  was  tested  in  che 
large-scale  trlaxlal  device.  Extensive  tests  were 
performed  under  Isotropic,  biaxial  and  trlaxlal 
states  of  stress.  In  each  case,  velocities  of  P-  and 
S-waves  propagating  along  all  principal  stress 
directions  were  measured.  Results  from  these  tests 
lead  to  the  following  conclusions:  1.  the  effect  of 
stress  Istory  on  P-  and  S-wave  velocities  Is  negli¬ 
gible,  2.  the  sample  can  be  treated  as  a 
cross-anisotropic  material  under  Isotropic  confine¬ 
ment  due  to  structural  anisotropy,  3.  complete  ani¬ 
sotropy  resulted  by  the  coupling  of  stress 
anisotropy  and  structural  anisotropy,  4.  P-wave 
velocity  depends  on  the  principal  effective  stress 
in  the  direction  of  propagation,  with  principal 
stresses  perpendicular  to  the  direction  of  propa¬ 
gation  having  a  negligible  effect  on  velocity,  and 
5.  S-wave  velocity  depends  about  equally  on  the 
principal  effective  stresses  In  the  dlrectons  of 
wave  propagation  and  particle  motion  and  Is  essen¬ 
tially  Independent  of  the  third  principal  stress. 
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ABSTRACT 

Blot's  equations  of  wave  propagation  in  fluid- 
saturated  elastic  solids  allowing  for  relative  mo¬ 
tion  between  solid  nnd  fluid  were  implemented  in  a 
finite  element  computer  program.  Nodal  values  of 
the  solid  displacement  and  relative  displacement  of 
the  fluid  were  used  as  the  unkown  quantities.  The 
program  was  applied  to  several  one-dimensional  dy¬ 
namic  problems  for  which  the  exact  solutions  are 
available.  The  results  showed  excellent  agreement 
between  the  numerical  and  the  exact  solutions. 


INTRODUCTION 

Most  analytical  solutions  for  the  initial  bounda¬ 
ry  value  problem  of  wave  propagation  through  satu¬ 
rated  porous  media  provide  only  the  harmonic  compo¬ 
nent  of  the  solution.  Deresiewlcz  [5,6]  obtained 
solution  for  the  reflection  of  plane  waves  [2]  and 
Love  waves  at  a  free  plane.  Garg  et  el. (8)  present¬ 
ed  the  exact  solutions  for  transient  as  well  as  the 
steady  state  compress lonal  wave  propagation  through 
a  porous  elastic  solid  and  developed  finite  differ¬ 
ence  procedures  for  numerical  solution.  Chakraborty 
and  Dey  ' 4]  obtained  the  solution  for  Love  waves  in 
saturated  media  underlain  by  heterogeneous  elastic 
media. 

Although  the  finite  element  method  has  been  ex¬ 
tern.  »iy  used  for  analysis  of  quasi-static  consoli- 
dat.on  problems,  e.g.  Sandhu  [13],  its  application 
to  the  dynamic  response  of  saturated  soils  is  still 
in  its  infancy.  Ghaboussl  and  Wilson  [9]  used  Sandhu 
and  Hater's  [12]  approach  to  construct  a  varia¬ 
tion'll  principle,  of  the  Gurtln  type,  equivalent  to 
Blot's  [3]  field  equations  including  initial  as  well 
as  boundary  conditions.  The0-Y—0  method  was  used 
for  the  time  domalt  Integration.  In  the  spatial 
dlscr  ilcatlon,  a  one-dimensional  element  was  used 
with  nodal  values  of  the  solid  displacement  and  the 
relative  displacement  of  the  fluid  as  generalized 
coordinates.  Ghaboussl  and  Wilson  [9]  did  not  pres¬ 
ent  any  comparison  with  an  exact  solution.  Prevost 
[11]  used  the  Galerkin  approach  for  spatial  discre¬ 
tization  and  Hughes'  [10]  Implicit-explicit  algor¬ 
ithm  for  time-domain  integration.  Bilinear  four-node 
isoparametric  elements  were  used  with  nodal  point 
values  of  displacement  of  the  solid  and  the  fluid  as 
the  unknown  parameters.  Assumption  of  Newtonian  flu¬ 


id  behavior  led  to  nonsymmetrlc  damping  matrices. 
The  methodology  developed  for  solution  of  two-dimen¬ 
sional  problems  was  used  to  solve  a  one-dimensional 
problem  with  finite  length.  For  relatively  large 
permeability,  Prevost  compared  his  results  with  the 
exact  solution  for  a  solid  with  no  pores. 

As  part  of  an  ongoing  research  effort  at  the  Ohio 
State  University,  a  finite  element  computer  program 
based  on  the  Blot's  theory  was  developed  and  evalu¬ 
ated  r*alnst  analytical  solutions.  A  Galerkin -ap¬ 
proach  was  used  to  set  up  the  semi-discrete  matrices 
spatially  and,  following  Ghaboussl  and  Wilson  [9], 
the  fi-y-d  algorithm  was  used  for  the  time  domain  in¬ 
tegration.  Nodal  values  of  the  solid  displacement 
and  relative  displacement  of  the  fluid  with  respect 
to  the  solid  skeleton  were  used  as  the  unknown  quan¬ 
tities.  A  computer  program  was  written  to  handle 
one-dimensional  as  well  as  plane-strain  problems. 
One-dimensional  linear  element  and  four  node  and 
eight  node  isoparametric  two-dimensional  elements 
were  Included.  The  program  was  applied  to  several 
one-dimensional  dynamic  problems  for  which  exact  so¬ 
lutions  are  available.  Herein,  we  report  some  re¬ 
sults  . 

DYNAMIC  EQUATIONS  OF  FLUID-SATURATED  ELASTIC  SOILS 

Blot's  [3]  equations  of  motion  for  an  elastic  po¬ 
rous  medium  saturated  with  a  compressible  fluid  may 
be  written  in  standard  lndicial  notation  as; 

IEijkluk,l  +OM<auk,k  +  wk,k>*ijl,j  +f>ti 

-pUl+J_  (1) 

lM<auk,k  +wk,k>l,i  +  T  P2fi 
“  7*  P2“i  +  75  p25i  +  7  *i  <2> 

where  u. ,  w.,  f.,  E.,kl  denote  the  cartesian  compo¬ 
nents,  respectively, Jor  the  solid  displacement  vec¬ 
tor,  the  relative  fluid  displacement  vector,  the 
body  force  vector  per  unit  mass  and  the  Isothermal 
elasticity  tensor,  pis  mats  density  of  the  saturated 
soli  and  Pj  that  of  water  per  unit  bulk  volume.  f,K, 
b,  M  are,  respectively,  the  porosity,  the  permeabil¬ 
ity,  the  to..ld  compressibility  and  the  fluid  com- 
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presslblllty .  The  superposed  dot  laplies  s  cine  de¬ 
rivative,  All  the  functions  ere  defined  over  the 
cartesian  product  Rx[0,«)  where  R  la  the  spatial  re¬ 
gion  of  Interest  and  (0,«)  Is  the  positive  Intsrvel 
of  tine.  With  these  field  aquations,  we  associate 
the  following  boundary  conditions. 

ut(t)  -  fij(t)  on  (3) 

£1  "  TljnJ  “(ElJkluk,l4e*,®iJ)nJ’^l  on  S21 

V(t)  -  M(  au,^  +  w^)  -  $(t)  on  S3  (5) 

w1(t)  -  wt(t)  on  S4  (6) 

where  S,,,  S,.  are  couplementary  subsets  of  the 
boundary  S  or  the  spatial  region  of  Interest  and  so 
are  Sj,  s..  The  Initial  conditions  for  the  problen 
are  given  by: 

u(2,  0)  -  u0(x) 

u(x,  0)  -  i>0(x) 


Msf  - 

/  ♦"  **  dV 
‘'v 

(12) 

Mff  - 

/  *71  p2  #M  dv 

V 

(13) 

cff  ■ 

J  cjk  *N  dv 

(14) 

’■■J. 

'♦.j  »K « ♦/! 

3  v 

p2f  j  dv 

(15) 

FS  ■ 

J 

L*‘  *" as  *  /'* 

/l  v 

dv 

(16) 

In  which  denote  the  test  functions  for  Equat¬ 
ions  (1)  and  (2),  and  the  interpolating  func¬ 
tions  for  the  solid  dlsplaceaent  and  the  relative 
dlsplaceaent  of  fluid,  respectively. 


«(*.  0)  -  wo(x) 
6(x,  0)  -  w0(x) 


FINITE  ELEMENT  FORMULATION 


a.  Spatial  Discretisation 

Spatial  discretization  of  the  governing  equations 
for  the  two-field  foraulatlon  leads  to  the  following 
natrlx  equations; 


"sf 

u 

♦ 

'  0 

AfT 

*ff 

."J 

0 

M.a 

M«f 

u 

R. 

M  / 
sf 

Mff 

Rf 

0 


Cff 


(7) 


Equations  (1)  and  (2)  assume  no  Inherent  daaplng 
in  the  systea  as  a  whole.  The  only  daaplng  component 
Is  associated  tilth  relative  motion.  Rayleigh  type 
damping  for  the  systea.  Introduced  by  Ghaboussl  and 
Wilson  [9],  has  the  fora 

C.s  "  f2  Mff>  +  •z^s-  “2  *ff>  <17> 

where  alt  a2  are  constants  and  f,a  have  been  defined 
previously.  The  structural  daaplng  natrlx  Is  a 
linear  combination  of  the  aass  cd  the  effective 
stiff nes^  of  the  soli.  Compering  with  Equation  (1), 
-  a  Rf f )u  to  corresponds  to  (R^tiu^  ,)  ..  The 
quantity  M  corresponds  to  Pin  Equation  (l)'and 
to  p^/f2  in  Equation  (2).  Hence,  M#i-  fzMjf  corres¬ 
ponds  to  Pj. 

b.  Time  Does  in  Integration 

Introducing  structural  daaplng  defined  In  Equa¬ 
tion  (17),  the  discretized  equations  of  motion. 
Equation  (7),  can  be  .-ewrltten  as 

mO  +  CU  +  KU  -  R  (18) 


The  elements  of  these  matrices  and  the  load  vector  In  which 
are; 


u 

'  M.s  *sf ' 

'  C.s  O' 

*•»  “  /tEijki  <1  +  «2  M  **i  #*kl«v(B>  U- 

C- 

V 

,  w  . 

MsfT  •‘ff. 

.  0  cff. 

R.f  -  y«i  m  i±i  dv 

V 

*ff  *  f  H  dv 

"v 


(9) 

Ss  *sf 

*• 

R  - 

(10) 

.  *.fT  *ff  - 

»f 

Wilson's  fi-y-t  algorithm  was  used  to  Integrate 
(11)  the  equations  of  motion.  For  the  choice  of  these 
psraaeters,  Zlenklsvlcz  [14]  has  given  the  following 
conditions  for  enslysls  of  undaapad  response  of  s 
linear  systea. 
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% 5, 


\> 


Y  >  1/2 

0  >  l/4(l/2  +  Y)2  (20) 

1/2  +  0  +Y>  0 

RESULTS  OF  NUMERICAL  IMPLEMENTATION 

Two  one-dimensional  problems  for  which  Che  ana¬ 
lytical  solutions  are  known  were  used  to  check  the 
validity  of  the  code.  These  Include  an  elastic  col¬ 
umn  of  single  material  and  the  fluid-saturated  soli 
layer  solved  by  Garg  et  al.  [8],  and  Ghabousai  and 
Wilson  [9].  All  the  problems  are  concerned  with 
congressional  wave  propagation  In  an  Initially  un¬ 
disturbed.  homogeneous,  Isotropic,  elastic  system 
subjected  to  spatially  uniform  surface  traction 
q(t). 

(a)  An  Elastic  Column  of  Single  Material 

An  elastic  layer  under  spatially  uniform  excita¬ 
tion  applied  to  Its  surface  can  be  regarded  as  an 
elastic  column,  constrained  In  Its  lateral  dlmen- 
s ions  and  subjected  to  excitation  at  the  free  end. 
The  characteristics  used  In  the  finite  element  model 
were; 


Total  length  L 

Number  of  nodes 
Number  of  elements 
Length  of  each  element 
Modulus  of  elasticity  E 
Poisson's  ratio  v 

Density  P 

Wave  velocity  C0 

Time  Interval  At 

Number  of  time  steps 


500  mm 

51 

50 

10  mm 

20000  kg/mm2 
0 

0.0008  kg.m.sec2/i 

f(2P+\)/P  J1/2 
5000  mm/msec 
0.002  msec 
50 


where  p,  X  are  Lame's  constants  for  isotropic  linear 
elastic  material.  The  following  two  types  'f  load¬ 
ing  at  the  free  end  were  considered. 


1.  Steady  state  response 

A  sinusoidal  loading  In  the  form 

q(t)  -  q  sln(40vt) 


(21) 


was  applied  to  one  end  of  the  bar  with  the  other  end 
fixed. 


11.  Response  to  step  load 

A  load  was  suddenly  applied 
l.e. 

q(t)  -  qc  H(t )  -  PC_  H(t) 


and  allowed  to  stay, 


(22) 


where  H(t)  Is  the  Heaviside  function.  It  should  be 
noted  that  the  loading  In  Equation  (22)  will  Induce 
a  unit  particle  velocity  [1).  The  analytical  solu¬ 
tion  for  this  problem  which  contains  both  the  har¬ 
monic  and  the  transient  solution  Is  well  known  [7]. 

Figures  3(a)  through  3(c)  Illustrate  the  stress 
response  when  fixed  at  one  end  and  subjected  to  si¬ 
nusoidal  loading  at  the  free  end  at  time  stages 
0.038,  0.064  and  0.10  second.  The  numerical  solu¬ 

tion  was  based  on  values  of  q0— 4,  0-O.25.Y-O.5 
and  0-1.0.  Good  agreement  waa  shown  between  the  fi¬ 


nite  element  solution  and  the  analytical  solution 
throughout  the  spatial  as  well  as  the  temporal  do¬ 
mains.  At  the  point  y/L-0.99,  the  error  at  t-0.03 
and  0.05  second  was  4.6  and  5.4  percent,  respective¬ 
ly.  But  at  the  other  time  stages  It  was  less  than 
1 .0  percent . 

Figures  4(a)  through  4(c)  illustrate  the  dis¬ 
placement,  velocity  end  stresses  along  the  elastic 
column  under  unit  step  load  at  the  free  surface,  at 
time  t-0.08  sec,  l.e.  after  40  time  Increments. 
Two  different  time  Integration  schemes  were  used 
vlz,0  -0.167  and  0-0.25.  For  both  the  schemes,  $ -1 .0 
and  Y-0.5.  Figure  4  shows  that  both  schemes  give  al¬ 
most  the  same  displacement  response.  However, 
0-0.167  was  better  for  velocity  and  0-0.25  better  for 
stress  distribution.  Despite  this  fact,  large  error 
around  wave  front  Is  observed  and  numerical  results 
are  not  reliable. 

(b)  Response  of  a  Fluid-Saturated  Soil  Layer 
(Garg'a  Problem) 

In  the  example,  the  exact  solution  for  wave  pro¬ 
pagation  In  a  one-dimensional  fluid-saturated  porous 
soil  layer  was  found  uy  Garg  [8].  The  material  prop¬ 
erties  were  assumed  to  be  the  same  as  used  by  Garg 
[8],  The  finite  element  model  for  this  problem  was; 


Total  length 
Number  of  nodes 
Number  of  elements 
Length  of  each  element 
Modulus  of  elasticity 
Poisson's  ratio 
Mixture  mass  density 
Fluid  mass  density 
Porosity 

Fluid  compressibility 
Lower  bound  of  wave 
velocity 

Upper  bound  of  first  kind 
wave  velocity 
Upper  bound  of  second  kind 
wave  velocity  > 


E  > 
v  < 
P  ■ 

p: 

M  > 


50  cm 

51 
50 

1  cm  .  _  _ 

0.23Wxl0lzdyn/cmz 
0.171 

2.3612  gm/cm 
0.13  gm/cm' 

°'18  .7 

-  0.102xl0lz  dyn/cm2 
“  354875  cm/sec 

-  358193  cm/sec 

-  127941  cm/sec 


The  velocities 
and  Garg  [8] . 
these  quantities  are  given 
slons  [8]. 


Co»  c+.  C_  were  defined  by  Biot  (2] 
Using  the  notstlon  of  this  report, 
by  the  following  expres- 


Cq  -  1X+  2M+  «2  M)/p 
C*  -  (  A+  2M  +  M(o-f  }2)/  Pj 
-  Mf2/  P2 
C?2  -  Mf(a-f)/  Pj 
c![j  -  Mf(o-f)/  p2 

2C2  -  cf  +  c\  +  l(cf  -  cl)2  +  4Cj2  C l^1'2 

**ere»  P;  •  P  -  P2  Is  the  bulk  mass  density  of  the 
soil.  These  velocities  are  applicable  to  cne-dimen- 
slonal  compressive  wave  propagation.  A  unit  parti¬ 
cle  velocity  for  each  phase  was  Imposed  at  the  free 
surface,  l.e.. 


u(L,t)  -  H(t) 


(23) 
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w(L , t )  -  0  (24) 

Equation  (24)  implies  "strong"  coupling  at  the  free 
surface.  In  reality,  this  may  not  be  true.  However, 
for  the  purpose  of  comparison  with  Garg,  the  same 
assumptions  were  made.  As  reported  by  Garg  (8],  as 
permeability  K  0,  the  relative  motion  between  the 
two  constituents  vanishes  and  phase  velocity  C  -> 

.  This  is  termed  ''strong  coupling".  In  this  case  the 
material  behaves  as  a  single  continuum  whose  proper¬ 
ties  are  combination  of  those  of  the  two  constitu¬ 
ents.  On  the  other  hand,  as  It  4»,  the  coupling  be¬ 
tween  the  two  constituents  vanishes  and  C  ->  C+. 

This  extreme  is  termed  "weak  coupling".  The  bounda¬ 
ry  condition  given  by  Equation  (23)  can  be  replaced 
by  the  traction  boundary  condition,  while  the 
boundary  conditions  expressed  by  Equation  (24)  can 
be  replaced  by  the  displacement  boundary  condition, 

i.e. 

q(L,t)  -  PCH(t)  (25) 

w(L, t )  -  0  (26) 

where  q(L,t)  is  the  traction  applied  to  the  free 
surface.  In  order  to  investigate  the  effect  of  flu- 
id-soil  Interaction  on  wave  propagation,  two  differ¬ 
ent  values  of  the  permeability  coefficient  were  se¬ 
lected  to  approximate  "strong"  and  "weak"  coupling 
extremes  described  by  Garg  [8].  The  numerical  val¬ 
ues  for  the  permeability  and  the  time  steps  corre¬ 
sponding  to  strong  and  weak  couplings  were; 

i.  Strong  Coupling  (Low  Permeability) 

K  -  0.148x10”®  cm3/gm  sec 
At  •  1  micro  sec 
Number  of  time  steps  ■*  50 

ii.  Weak  Coupling  (High  Permeability) 

K  0.148xl0”2  cm3/gm  sec 
At  »  2.4  micro  sec 
Number  of  tme  steps  «  50 

Figures  5(a)  and  5(b)  show  the  velocity  of  both 
the  solid  and  fluid  at  10  cm  from  the  traction 
boundary  in  the  case  of  "strong  coupling".  The  nu¬ 
merical  results  are  based  on  calculations  with  0-1, 
Y-0.6,  0  -0.3025.  Reasonable  agreement  is  seen  be¬ 
tween  the  finite  element  and  the  analytical  solu¬ 
tions.  But  while  the  exact  solution  has  the  sharp 
discontinuity  in  the  wave  front,  numerical  one  was 
diffused.  A  single  wave  front  exists.  The  wave  is 
propagating  with  velocity  ■-  C0,  and  the  solid  veloc¬ 
ity  is  the  same  as  the  fluid  velocity.  This  is  be¬ 
cause,  for  this  problem,  relative  velocity  w  ap¬ 
proaches  zero  and  the  two  constituents  effectively 
act  as  a  single  continuum. 

Figures  6(a)  and  6(b)  shows  the  results  for 
"weak"  coupling.  The  values  of  0,  y,  $  were  the  same 
as  for  the  "strong"  coupling.  The  results  for  a  sta¬ 
tion  10  cm  away  from  traction  boundary  (y“40cm)  are 
quite  close  to  Garg's  analytical  solutior  (8).  Ex¬ 
istence  of  two  wave  fronts  travelling  with  speeds  C_ 
and  is  noticed. 

Pove  pressure  distribution  at  different  times  for 


the  two  extremes  of  "strong"  and  "weak"  coupling  are 
plotted  in  Figure  7(a)  and  7(b).  A  single  phase 
description  is  seen  in  Figure  7(a),  in  which  the 
pressure  wsve  is  propagating  with  speed  .  Figure 
7(b)  clearly  demonstrates  the  existence  of  two  waves 
travelling  with  speed  C_  and  C+,  in  the  fluid  and 
the  solid,  respectively. 

(c)  Response  of  a  Fluid-Saturated  Soil  Layer 
(Ghaboussl  and  Wilson's  Problem) 

The  final  example  was  the  problem  of  a  saturated 
half-space  subjected  to  a  unit  step  load.  Ghaboussl 
and  Wilson  [9]  obtained  a  numerical  solution  of  the 
problem,  but  did  not  present  any  comparison  with  an¬ 
alytical  solution.  The  finite  element  model  had  the 
following  properties. 

Total  length  L”  50  cm 

Number  of  nodes  -  51 

Number  of  elements  »  50 

Length  of  each  element  -  1  cm 

Modulus  of  elasticity  E»  0.2319x10^  dyn/cm^ 

Poisson's  ratio  w-  0.171 

Mixture  density  P-  3  gm/cm^ 

Fluid  density  P2-  0.18  gm/cm3 

Porosity  F-  0.18 

Fluid  compressibility  M«  90x10^  dyn/cm2 

Solid  compresslbllty  0s  1 

Wave  velocity  for  the  CQ»  [(2P+X+  a2*1)/?)1^2 

mixture  (no  relative  -  1 . 755895x1 0®cm/sec 

motion) 

Coefficient  of  permeability  K-  0.19x10”®  cm/sec 
Time  interval  At”  1  micro  sec 

Generally,  the  solid  density  of  soil  falls  between 
the  range  of  2 .0-2 .7(gm/cm^)  and  the  compressibility 
of  pure  water  is  2 .0xl010( dyn/cm2) .  Thus,  it  should 
be  noted  that  mixture  density  and  the  fluid  compres¬ 
sibility  given  above  are  far  from  real  soil  proper¬ 
ties,  but  were  taken  to  match  the  problem  solved  by 
Ghaboussl  and  Wilson  [9].  The  values  of  k  and  f, 
not  given  explicitly  in  (9),  were  chosen  to  repre¬ 
sent  the  mixture  of  very  fine  sand  and  silt  in  very 
dense  state. 

Figure  8  presents  the  pore  pressure  distributions 
at  several  time  stages.  In  this  figure,  the  non-di¬ 
mensional  pore  pressure  ir/q  is  plotted  against  y*» 
y/(KC0).  For  a  *  1  and  M  -»«the  pore  pressure 

should  be  equal  to  the  applied  traction.  This  does 
not  match  Ghaboussl  and  Wilson  [9]. 

CONCLUSIONS 

Results  of  the  analyses  indicate  the  following: 

1.  The  integration  parameters  0,  Y  and  $  should  be 
carefully  selected  to  avoid  oscillatory  error. 

2.  The  scheme,  with  proper  selection  of  0,  Y  and 
$  showed  exellent  agreement  with  the  analytical  ao- 

lutlons. 

3.  The  numerical  and  analytical  results  show  the 
importance  of  the  role  of  permeability  in  single  or 
double  phase  description  for  fluid-saturated  porous 
media.  For  low  permeability,  there  is  little  rela¬ 
tive  motion  and  the  strong  coupling  on  single  ma¬ 
teriel  description  would  be  vslld.  For  high  perme¬ 
ability,  the  two  phase  description  is  necessary. 

4.  The  computer  code  was  checked  only  for  one-dl¬ 
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menslonal  problems.  Its  effectivenca  for  two-dimen¬ 
sional  (plane  strain)  problems  Is  yet  to  be  estab¬ 
lished. 

5.  Further  Investigation  In  the  choice  of  damping 
matrices  Is  required.  The  solution  process  for  a  few 
idealised  problems  has  been  checked,  but  the  assump¬ 
tions  regarding  various  couplings  may  not  represent 
actual  soil  behavior. 

6.  The  computer  code  Implemented  Ghaboussl  and 
Wilson's  version  of  Slot's  theory.  The  entire  fluid 
mass  Is  expected  to  be  in  relative  motion.  In  other 
theories,  an  Interaction  mass  Is  introduced.  This 
would  Imply  a  "partial"  coupling  somewhere  between 
the  "strong"  ana  "weak"  coupling  defined  by  Garg 
[8].  Some  work  to  quantify  this  coupling  has  been 
done  and  will  be  reported  in  the  near  future. 

7.  The  computer  code  needs  to  be  extended  to  pro¬ 
pagation  of  shear  waves  and  Love  and  Rayleigh  waves . 
Studies  are  needed  to  allow  for  reflection  and  re¬ 
fraction  of  waves  at  interfaces  or  boundaries.  Dy¬ 
namics  of  nonhomogeneous ,  anisotropic  and  nonlinear 
soils  needs  to  be  Investigated. 
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ABSTRACT 

This  paper  describes  an  experimental 
laboratory  testing  program  which  is  subjecting 
water  saturated  sands  to  shock  loadings.  The  study 
is  being  conducted  to  evaluate  potential  blast 
induced  short-  and  long-term  changes  in  porewater 
pressure  and  soil  shear  strength.  The  laboratory 
data  obtained  to  date  indicates  that  residual 
porewater  pressure  increases  and  soil  shear 
strength  decreases  may  occur  under  sho^k  loads  if 
peak  compressive  strains  exceed  10  percent. 

INTRODUCTION 

Explosive  induced  ground  motion  prediction 
models  and  engineering  designs  presently  incorpo¬ 
rate  the  assumption  of  little  or  no  blast  induced 
soil  property  changes.  However,  Charlie  et  al . 
( 1 98 1 )  report  that  blast  induced  soil  property 
changes,  such  as  fairly  long-term  decreases  in 
shear  strength,  shear  wave  velocity,  and  damping, 
as  a  result  of  fairly  long-term  increases  in  water 
pressure  have  occurred  after  blasting  in  loose 
saturated  granular  soils.  Therefore,  blasting  near 
slopes  may  result  in  inducing  sufficient  residual 
excess  porewater  pressures  to  reduce  the  soil's 
shear  strength  for  a  period  of  time  which  may  be 
long  enough  to  allow  gravity  to  fail  the  slopes. 
Residual  porewater  pressures  may  also  lead  to 
flotation,  sinking,  or  differential  movements  of 
structures . 

For  porewater  pressure  response,  the  three 
stages  of  interest  which  may  occur  as  a  result  of 
blasting  are: 

•  The  millisecond  transient  response  directly 
associated  with  the  stress  wave. 

•  The  residual  response  shortly  after  the 
passage  of  the  stress  wave. 

•  The  longer-term  dissipation  of  the  residual 
porewater  pressures. 

Of  major  concern  for  the  stability  of  earth 
structures  and  foundation  behavior  is  the  residual 
porewater  pressure  occurring  after  the  stress  wave 
has  passed.  The  resulting  decrease  in  effective 
stress  would  lead  to  a  decrease  in  the  soil's  shear 
strength.  Blast  induced  residual  porewater 


pressure  increases  have  been  reported  by  Terzaghi 
(1956),  Florin  and  Ivanov  (1961),  Kummeneje  and 
Eide  (1961),  Lyakhov  (1961),  Puchkov  (1962),  Ivanov 
(1967),  Damitio  (1972),  Langley  et  al.  (1972), 
Perry  (1972),  Banister  and  Ellett  (1974),  Yamamura 
and  Koga  (1974),  Charlie  (1977),  Studer  and  Prater 
(1977),  Rischbieter  (1977),  Arya  et  al.  (1978), 
Charlie  (1978),  Damitio  (1978),  Kok  (1978),  Marti 
(1978),  Studer  and  Kok  (1980),  Charlie  et  al. 
(1981),  Long  et  al.  (1981),  Prakash  (1981), 
Fragazzy  et  al.  (1983),  Veyera  (1983),  Charlie  et 
al.  (1983,1985),  and  other  researchers.  Such  soil 
behavior  may  indicate  that  liquefaction  may  have 
occurred  at  these  sites.  As  such,  an  explosive 
detonated  in  a  soil  having  a  high  liquefaction 
potential  could  result  in  damage  disproportionate 
to  the  energy  released. 

EXPLOSIVE  INDUCED  GROUND  MOTIONS 

For  a  deeply  buried  charge  or  a  HEST  charge 
layout,  most  of  the  wave  energy  is  in  the  form  of  a 
compressional  stress  wave.  For  rock,  clay  and 
unsaturated  granular  soils,  the  compression  pulse 
frum  a  single  charge  detonation  typically  has  one 
sharp  peak  of  acceleration  with  a  duration  near  the 
blast  on  the  order  of  a  few  milliseconds  for  rock 
and  tens  of  milliseconds  for  soil  (Stagg  and 
Zienkiewicz,  1968;  SME,  1973).  For  a  single  charge 
detonated  in  loose  saturated  granular  soils  and 
sensitive  marine  clays,  the  compression  pulse 
typically  has  one  sharp  peak  of  acceleration 
followed  by  a  period  of  low  frequency  oscillation 
(Charlie  et  al.,  1980).  After  the  stress  wave 
impinges  upon  interfaces,  such  as  soil-rock 
boundaries,  the  water  table  or  the  earth's  surface, 
reflections  produce  compression  (or  tensile),  shear 
and  surface  waves . 

EXPLOSIVE  INDUCED  RESIDUAL  POREWATER  PRESSURES 

For  two-phase  materials  that  are  vibration 
seusitive,  such  as  loose  saturated  sands,  the  fluid 
phase  may  act  elastically  while  the  sand  skeleton 
acts  plastically,  resulting  in  a  residual  increase 
in  porewater  pressure  after  passage  of  the  stress 
wave.  The  state-of-the-art  for  assessing  blast 
induced  residua]  porewater  pressure  increases  and 
liquefaction  potential  is  limited  at  best.  The 
literature  indicates  that  nonsensitive  cohesiv" 
soils  are  least  affected  by  vibrations  while  loose 
saturated  cohesionless  soils  are  most  sensitive  to 
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saturated  -.ohes  ion  less  soils  are  most  sensitive  to 
vibrations.  Theoretical  approaches  are  almost 
nonexistent  and  have  not  been  verified  by  experi¬ 
mental  testing  (Charlie  et  al.,  1981).  Empirical 
scaling  factors  have  been  derived  from  a  limited 
number  of  field  terts.  A  logical  approach  would  be 
to  determine  possible  threshold  particle  veloci¬ 
ties,  stresses  or  strains  below  which  blase  induced 
porewater  pressure  increases  should  not  occur.  It 
is  emphasized  that  such  threshold  values  would  be 
for  soils  having  a  high  Hast  induced  residual 
porewater  pressure  increase  potential. 

Marcuson  (1982)  suggests  that  liquefaction 
should  not  occur  where  the  peak  particle  velocity 
is  less  than  2.5  era  per  second.  Sanders  (1982) 
related  earthquake  induced  liquefaction  to  peak 
particle  velocity  indicating  that  a  threshold 
particle  velocity  of  5  to  10  cm  per  second  was  a 
value  that  may  also  hold  for  underground  blasts. 
Charlie  (1983)  suggests  that  residual  porewater 
pressure  increases  should  not  occur  in  saturated 
loose  sands  and  silts  if  the  peak  particle  velocity 
is  kept  below  1  cm  per  second. 

A  few  field  tests  have  been  conducted  where 
porewater  pressure  responses  induced  by  contained 
explosives  have  been  measured.  Lyakhov  (1961) 
noted  that  blast  induced  liquefaction  did  not  occur 
ir.  water  saturated  sand  with  densities  greater  than 
1.6  gm  per  cubic  cm.  For  saturated  soils  at  lower 
densities,  Puchkov  (1962)  found  that  soils  did  not 
liquefy  below  a  peak  particle  velocity  of  7  cm  per 
second.  Ivanov  (1967)  and  Studer  and  Kok  (1980) 
have  reported  empirical  relationships  to  predict 
the  maximum  radius  of  liquefaction  from  contained 
point  charges.  These  relationships  indicate  lique¬ 
faction  may  occur  in  loose  saturated  sands  if  peak 
particle  velocities  exceed  4  cm  per  second. 
Residual  porewater  pressures  from  other  contained 
explosive  tests  have  been  reported  at  peak  particle 
velocities  as  low  as  1  cm  per  second  (Charlie  et 
al.,  1985).  Residual  porewater  pressures  have  also 
been  generated  by  surface  explosions.  For  a 
450,000  kg  TNT  surface  explosion,  Langley  et  al . 
(1972)  measured  residual  porewater  pressure 
increases  exceeding  75  KPa  in  saturated  glacial 
deposits  out  to  distances  where  the  estimated  peak 
airblast  over  pres^ire  and  peak  compression  strain 
was  350  KPa  and  10  percent,  respectively. 

Perry  (1972)  conducted  shock  tube  tests  and 
determined  that  a  loose  saturated  sand  could  be 
liquefied  at  peak  over  pressures  as  low  as  600  KPj 
(estimated  peak  compression  strain  of  1.5  x  10 
percent).  Fragazzy  et  al.  (1983)  report  that  in 
centrifuge  modeling  of  blast  induced  liquefaction, 
residual  porewater  pressure  increases  occurred  .in 
water  saturated  sands  at  scaled  distances  (R/W1'J) 
from  buried  charges  as  large  as  20  (estimated  peak 
particle  velocity  of  13  cm  per  second).  Liquefac¬ 
tion  occurred  at  scaled  distances  as  large  as  15 
(estimated  peak  particle  velocity  ot  20  cm  per 
second).  The  tests  were  run  on  srnd  placed  at 
relative  densities  of  50  percent  and  saturation  of 
97  percent. 

Charlie  et  al.  (1983,1985)  suggest  that  a 
threshold  strain  approach  may  prove  very  useful  for 


assessing  blast  induced  residual  porewater^pressure 
increases.  Shear  strains  cf  less  than  10  percent 
are  generally  considered  to  be  elastic  (Dobry  et 
al.,  1982).  Under  elastic  plane  strain  conditions, 
the  peak  shear  strain  is  equal,  to  the  peak  com¬ 
pression  strain  (Timoshenko  and  Goodier,  1970}^ 
Therefore,  compressive  strains  of  less  than  10 
percent  should  also  be  elastic  and  not  induce 
residua]  porewater  pressure  after  passage  of  the 
stress  wave.  Utilizing  equations  given  by  Rinehart 
(1975)  and  R^chart  et  al.  (1970),  a  compression 
strain  of  10  percent  in  water  saturated  soils  at 
a  void  ratio  equal  to  one  corresponds  to  about 
15  cm  per  second  peak  radial  particle  velocity. 
Table  1  presents  several  empirical  scaling  factors 
based  on  threshold  Ftrain,  particle  velocity  and 
field  tests  to  determine  the  potential  radius  of 
liquefaction  and  residual  porewater  pressure 
increases  for  various  charge  weights.  Although 

Table  1.  Predicted  Maximum  Radius  of  Liquefaction 
and  Residual  Porewater  Pressures  for  a 
Single  Contained  Point  Charge  Detonated 
in  Loose  Saturated  Cohesioniess  Soils 


(Charlie  et  al. ,  1985) 
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under  multiple  detonations  and  some 
geologic  and  confinement  conditions. 

(2)  Maximum  radius  for  the  residual  pore¬ 
water  pressure  increase  equal  to  the 
initial  effective  vertical  stress. 

(3)  Maximum  radius  for  some  increase  in 
residual  porewater  pressure. 

(4)  Estimated  peak  particle  velocity  and 
Puchkov  (1962)  for  threshold  velocity. 

(5)  Ivanov  (1972). 

(6)  Studer  and  Kok  (1980). 

(7)  Estimated  assuming  a  compression  wave 
velocity  of  1500  meters  per  second  and  a 
void  ratio  of  one. 

(8)  Studer  and  Kok  (1980). 

(9)  Estimated  peak  particle  velocity. 

there  are  differences  in  the  predictions,  residual 
porewater  pressure  increases  o_c^:ur  where  predicted 
compressive  strains  exceed  10  percent,  an  order 
of  magnitude  less  than  expected  by  considering  only 
compression  w a- e  induced  strains.  This  may  indi¬ 
cate  that  other  factors  such  as  shear  wave  induced 
strains,  multiple  strains  and  other  factors  are 
also  important. 

LABORATORY  FACILITY  AND  INSTRUMENTATION 

Laboratory  testing  is  currently  being 
conducted  at  Colorado  State  University  to  evaluate 
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the  empirical  scaling  factors  presented  in  Table  1, 
to  evaluate  the  effects  of  multiple  shock  loadings 
and  to  extend  the  state-of-the-art  in  understanding 
stress  wave  mechanics  of  two-phase  materials.  The 
objectives  of  the  program  are  to  generate  and 
determine  the  number  of  axial  compressive  stress 
pulses  required  to  induce  liquefaction  in  saturated 
cohesionless  soils  as  a  function  of:  initial 
relative  density,  initial  effective  stress,  peak 
particle  velocity,  peak  compressive  strain  ampli¬ 
tude  and  peak  compressive  stress  amplitude.  Since 
little  or  no  drainage  would  occur  in  deep  field 
deposits  of  saturated  soils  during  the  passage  of 
the  stress  wave,  the  laboratory  tests  are 
undrained.  The  laboratory  facility  is  shown 
schematically  in  Figure  1.  It  consists  of  separata 


Figure  1.  Schematic  of  laboratory  facility  to 

study  shock- induced  liquefaction. 

but  intimately  related  elements  which  include  a 
gas-charged  cannon,  a  fluid-filled  stainless  steel 
tube,  a  rigid  sample  container,  a  flexible  inter¬ 
face  membrane,  an  electronic  control  system  and  an 
electronic  recording  and  monitoring  system.  The 
membrane  is  utilized  to  apply  the  confining  pres¬ 
sure  to  the  soil  sample  and  allow  variations  in 
effective  stress  (depth).  The  cannon  is  designed 
to  fire  a  projectile  whicti  impacts  a  piston  which 
imparts  the  stress  wave  to  the  confining  tluid 
which  in  turn  applies  the  compressive  snock  pulse 
to  the  soil  sample.  To  minimize  reflections,  an 
energy  trap,  which  consists  of  a  pclyvinyl  chloride 
(PVC)  rod,  is  utilized.  In  current  testing  proce¬ 
dures,  the  energy  trap  is  placed  at  the  end  of  the 
sample  container.  A  pressure  transducer,  posi¬ 
tioned  just  upstream  of  the  soil  sample,  is  used  to 
determine  the  intensity  of  the  applied  compressive 
stress.  A  second  pressure  transducer  is  located  in 
the  wall  of  the  sample  container  and  is  used  to 
measure  both  the  peak  and  long-term  transient 
porewater  pressure  response  in  the  soil.  The 
pressure  transducers  (ENDEVCO  Model  S5 1  lA-5kMl) 
have  a  resonant  frequency  greater  than  500  KHz  over 
a  pressure  response  range  of  from  0  to  35,000  KPa. 

LABORATORY  SHOCK  TESTING 

Tests  have  been  conducted  on  saturated  sand  at 
densities  ranging  from  1.4  to  1.7  grams  per  cubic 
cm  (0  to  100  percent  relative  density).  Initial 
effective  confining  stresses  are  being  varied  from 
100  to  1000  KPa.  All  tests  to  date  have  been  con¬ 
ducted  using  water  saturated  Monterey  No.  0/30 
sand.  Figures  2  and  3  show  the  response  of  the 
poiewater  pressure  as  a  result  of  the  input  stress 


Figure  2.  Response  of  the  sample's  porewater 
pressure  leading  to  limited  increase 
in  residual  porewater  pressure  under 
the  first  shock  loading:  initial 

effective  stress  of  690  KPa  (1  osi  - 
6.895  KPa). 


Figure  3.  Response  of  the  sample's  porewater 
pressure  leading  to  liquefaction 
under  the  second  shock  loading: 
initial  effective  stress  of  690  KPa 
( !  psi  =  6.895  KPa). 

wave  for  the  saturated  sand  at  a  dry  density  of 
1.47  grams  per  cubic  cm  under  an  initial  confining 
stress  of  6.90  KPa.  Each  plot  combines  both  the 
input  shock  and  the  sample's  porewater  pressure 
response.  Figure  2  shows  the  sample's  residual 
porewater  pressure  increased  by  200  KPa  ajter  being 
subjected  to  a  peak  strain  of  2  x  10  percent. 
This  porewater  increase  is  about  30  percent  of  the 
increase  required  to  cause  liquefaction.  Figure  3 
shows  that  the  same  sample  liquef ied^when  subjected 
to  a  second  peak  strain  of  7  x  10  percent.  The 
relationships  given  earlier  in  this  paper  predict 
residual  porewater  increases  at  these  peak  strains. 
The  results  of  20  test  series  are  currently  being 
analyzed . 

CONCLUSIONS 

Today's  understanding  of  blast  induced 
poretater  pressure  increases  has  advanced  only 
slightly  beyond  the  point  of  recognition  of  its 
existence.  The  possibility  exists  that  an  explo¬ 
sive  detonated  in  a  soil  having  a  high  liquefaction 
potential  could  cause  fairly  long-tem  decreases  in 
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the  shear  strength  resulting  in  damage 
disproportionate  to  the  energy  released.  Documented 
occurrence,  although  sketchy  and  often  incomplete, 
is  available  in  the  open  literature.  Although 
considerable  work  remains  to  be  done  in  projecting 
this  information  into  a  comprehensive  method  of 
predicting  liquefaction  for  actual  or  hypothetical 
blasts,  the  limited  data  indicates  that  residual 
porewater  pressure  increases  should  not  occ/ir  in 
soils  subjected  to  strains  of  less  than  10  per¬ 
cent.  In  soils  subjected  to  plane  strain 
compression  wave  loading,  peak  radial  particle 
velocities  below  IS  cm  per  second  for  saturated 
silts  and  sangs  should  limit  compressive  strains  to 
less  than  10  percent.  In  soils  also  subjected  to 
shear  wave  loading,  field  data  indicates  that  peak 
particle  velocities  below  2  cm  per  second  should 
limit  shear  strains  to  the  elastic  range.  Lique¬ 
faction  induced  by  single  point  explosions  has  not 
been  reported  in  the  literature  for  peak  particle 
velocities  below  7  cm  per  second.  The  limited  data 
indicates  that  liquefaction  can  be  induced  at  lower 
peak  particle  velocities  under  multiple  shock 
loadings.  Tests  also  indicate  that  more  energy  is 
required  to  cause  liquefaction  as  the  soil's 
initial  effective  stress  or  relative  density  is 
increased.  Extraordinary  situations  may  require 
more  conservative  criteria. 

The  following  preliminary  conclusions  pertain 
to  the  laboratory  shock  tests  on  saturated  Honterey 
No.  0/30  sand  conducted  by  the  authors  at  Colorado 
State  University. 

•  For  compr^sive  strains  less  than  approxi¬ 
mately  10  percent,  residual  porewater  pres¬ 
sures  increases  did  not  occur  regardless  of 
the  number  of  shocks,  soil  density  or  initial 
effective  stress. 

•  For  compressive  strains  greater  than  approxi¬ 
mately  10  percent,  residual  porewater 
pressure  increises  occurred. 

•  For  compressive  strains  greater  than  approxi¬ 
mately  10  percent,  liquefaction  could  be 
induced  under  one  shock  load  at  all  densities 
and  initial  effective  stresses  used  for  the 
testing  program. 

•  For^coraprescive  stresses  between  approximately 
10  percent  and  10  percent,  liquefaction 
could  be  induced  by  subjecting  the  sample  to 
multiple  shock  loadings. 

The  results  of  the  laboratory  shock  testing  foj 
peak  compressive  strains  between  approximately  10 
to  10  percent  are  currently  being  analyzed  to 
obtain  the  actual  relations  between  peak  strain, 
number  of  shock  loads,  initial  eflective  stress  and 
density . 
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ABSTRACT 

Finite  element  solution  for  the  consolidation  of 
the  saturated  soils  are  reviewed.  For  the  spatial 
discretization,  Sandhu's  8-4  element  and  Ghaboussl's 
formulation  are  compared.  Performance  of  "singulari¬ 
ty  elements"  designed  to  Improve  the  accuracy  of 
pore  pressure  distribution  near  the  loaded  surface 
right  after  loading  is  discussed. 


INTRODUCTION 

Since  the  first  application  of  the  finite  element 
method  to  the  coupled  problem  of  flow  and  deforma¬ 
tion  [1,21,  considerable  progress  has  been  made. 
Recent  advances  Include  variational  formulations  ad¬ 
mitting  limited  smoothness  of  finite  element  bases 
[3,4],  experimentation  with  several  different  spa¬ 
tial  interpolation  schemes  and  Investigation  of  var¬ 
ious  temporal  approximation  methods  [5-15].  It  has 
been  difficult  to  reproduce  accurately  the  pore  flu¬ 
id  pressure  distribution  near  loaded  free-draining 
boundaries  Immediately  after  application  of  the 
load.  Special  elements  capable  of  modeling  linear 
singularities  have  been  proposed  to  overcome  this 
difficulty. 

In  spatial  discretization,  Sandhu  [1]  proposed 
that  the  order  of  terms  appearing  In  a  convolution 
product  In  the  variational  principle  be  the  same. 
This  produced  the  "composite"  element  In  which  the 
order  of  polynomial  interpolation  for  displacements 
was  higher  than  that  for  fluid  pressures.  The  com¬ 
posite  element  first  proposed  by  Sandhu  [1,2],  and 
used  by  Hwang  [16]  and  others,  was  the  "63"  element 
with  quadratic  Interpolation  for  displacements  and 
linear  interpolation  for  fluid  ressuraj  over  trian¬ 
gular  regions.  Later,  Sandhu  [7,17]  Introduced  the 
"84"  element  which  had  eight  point  biquadratic  In¬ 
terpolation  for  displacements  and  was  a  four  point 
isoparametric  quadrilateral  for  fluid  pressures. 
This  element  was  also  used  by  Runesson  [13].  Such- 
maier  [181  experimented  with  five,  six  and  seven 
point  quadrilaterals  for  fluid  pressure  as  tran¬ 
sition  elements  near  loaded  surfaces. 

Several  spatial  Interpolation  schemes,  besides 
the  composite  elements,  have  been  tried  by  various 
Investigators.  Ghaboussl  [5]  used  four  point  Iso¬ 
parametric  quadrilaterals  for  both  the  fields.  How¬ 


ever,  an  additional  Incompatible  mode  was  included 
in  the  displacement  approximation.  This  element  has 
the  economy  while  the  additional  "local"  mode  gives 
it  the  character  of  a  "higher  order"  scheme.  Smith's 
[19]  formulation  was  similar  to  Ghaboussl's  except 
that  no  incompatible  modes  were  used.  Prevost  [9] 
proposed  cautious  use  of  "reduced  Integration"  in 
conjuction  with  Smith's  "44"  element.  Yokoo  [20] 
and  Vermeer  [21]  used  triangular  elements  with  lin¬ 
ear  Interpolation  for  both  the  displacement  and  the 
fluid  pressure  fields.  Other  Interpolation  schemes, 
based  on  use  of  quadrilaterals  built  up  from  linear 
four-  or  five-point  triangles  were  tried  by  Sandhu 
[8]. 

In  evaluating  various  candidate  schemes,  Sandhu 
proposed  that  an  acceptable  method  meet  the  follow¬ 
ing  requirements  In  addition  to  efficiency  and  accu¬ 
racy. 

1.  The  interpolation  scheme  must  conform  with 
the  assumptions  regarding  continuity  and  dif¬ 
ferentiability  used  in  setting  up  the  govern¬ 
ing  variational  formulation. 

11.  It  should  be  possible  to  generate  the  "un¬ 
drained"  solution,  i.e.  the  state  of  fluid 
pressures  and  displacement  at  time  t  -  0+. 

111.  For  sufficiently  small  time  steps,  the  scheme 
should  be  Insensitive  to  the  choice  of  the 
time-step  size. 

Elements  "63"  and  "84"  satisfy  these  requirements. 
However,  the  composite  elements  are  too  expensive  to 
be  used  In  large  problems.  This  has  discouraged  ex¬ 
tension  of  t ne  analysis  to  three— dimensions,  and  to 
nonlinear  and  dynamic  problems.  The  4-4  element  is 
sore  economical  but  was  found  by  Sandhu  [8]  to  have 
spatially  and  temporally  oscillating  errors.  The 
"63"  element  has  been  widely  used  because  It  was  the 
first  one  to  be  Introduced  end  gave  satisfactory  re¬ 
sults  in  most  cases.  However,  the  8-4  element  gives 
results  almost  Identical  to  tho.ie  from  the  "63"  ele¬ 
ment  but  Is  more  economical  as  it  requires  fewer  no¬ 
dal  points  and  has  smaller  band-width. 

Immediately  after  application  of  a  surface  load 
to  a  free-draining  boundary,  the  excess  pore  water 
pressure  remains  zero  at  the  surface  but  has  a  very 
steep  gradient  and  rises,  over  an  extremely  short 
distance  Into  the  soil  mass,  to  a  magnitude  compara¬ 
ble  with  the  applied  stress.  Finite  element  Interpo¬ 
lations  commonly  used  cannot  model  this  ’-.cally  high 
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pore  pressure  gradient  near  the  surface.  Yokoo's 
[ 19 ]  formulation,  not  requiring  the  fluid  pressure 
to  satisfy  the  prescribed  boundary  condition  at  the 
free-draining  boundary  gave  good  solution  immediate¬ 
ly  after  loading.  Buchmaier'a  (18]  studies  showed 
that  transition  elements,  using  higher  order  Inter¬ 
polation,  near  loaded  boundaries  had  only  Halted 
success .  Vermeer  [21]  suggested  that  the  fluid  pres¬ 
sure  boundary  condition  be  enforced  as  a  "raopM  con¬ 
dition  to  limit  the  error. 


EQUATIONS  GOVERNING  SOIL  CONSOLIDATION 


For  linear  elastic  soils,  the  equations  of  force 
equilibrium  of  elementary  volumes  and  mass  continu¬ 
ity,  over  the  spatial  region  of  interest  R,  may  be 
written  in  standard  indicia!  notation  as 


where  u 


(Eklijuk,ll,i  +  alr,  j  +  f  j 
lKi.1(lr,l  +  P2fi>],j  +  uj,j 

mayNj 


1 
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(1) 

(2) 


1.  ri. 


denote  the  cartesian  comp¬ 
onents,  respectively,  Jof  the  displacement  vector, 
the  body  force  vector  per  unit  mass,  the  Isothermal 
elasticity  tensor  and  the  permeability  tensor,  p  is 
the  mass  density  of  the  saturated  soil  and  P2  that 
of  water,  w  is  the  pore  water  pressure,  a  is  the 
solid  compressibility  and  M  la  a  measure  of  fluid 
compressibility.  Equation  (2)  is  for  compressible 
fluids.  For  Incompressible  fluid,  M  -->«cand  conse¬ 
quently  the  right  side  vanishes.  With  these  field 
equations  we  associate  the  following  boundary  condi¬ 
tions  ; 
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Here,  tj,  q^  are 
fluid  flux  vectors 

components  of 
associated  with 
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of  the  spatial  region  of  Interest  and 


In  the  closure  R. 
stress  tensor.  S, 
the  boundary 

so  are  S3,  Sa  .  Even  though  the  equations  given  above 
apply  to  compressible  fluids,  the  applications  re- 

fluld  l.e.  M 


ported  herein  assumed  Incompressible  fluid  l.e. 
os.  The  Initial  conditions  for  the  problem  are 


ui(xj,  0)  -  uA(0)  on  R 
V  (*.),  0)  -  1T(0)  on  R 


SPATIAL  DISCRETIZATION 


Discretization  of  the  governing  function  for  the 
two-field  formulation  followed  by  application  of  the 
variational  principle  (3)  leads  to  the  following  ma¬ 
trix  equation. 


In  this  paper,  we  compare  Ghaboussi's  element 
(hereafter  referred  to  6-4  element)  with  the  8-4  el¬ 
ement.  Terzaghi's  problem  of  one-dimensional  consol¬ 
idation  and  Gibson's  problem  of  a  half-space  under  a 
strip  load  were  taken  as  the  example  problems.  To 
simulate  consolidation  of  the  half-space  by  a  finite 
domain  model,  an  approximation  to  the  conditions  at 
infinity  is  required.  Three  alternative  assumptions 
regarding  the  "cut-off"  boundary  were  considered. 
To  satisfactorily  model  the  pore-pressure  distribu¬ 
tion  In  the  vicinity  of  free-draining  loaded  surfac¬ 
es,  "singularity"  elements  were  developed  by  Lee 
[22] .  Several  variants  of  the  scheme  in  solution  of 
one-dimensional  consolidation  were  discussed  In  [23] 
and  [24].  Herein,  we  summarize  some  of  this  work  as 
well. 
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where  (t0,tj)  Is  the  single  time  step  of  Interest, 
and 
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[u(t1)],{u(t0)}-  vectors  of  nodal  point  values  of 
the  components  of  the  displace¬ 
ment  at  time  ti,t0,  respectively. 
[*'(tj)},(ir(t0)}»  vectors  of  nodal  point  values  of 
t’.;e  pore  water  pressure  at  time 
tj,  t0,  respectively. 

the  vector  of  nodal  point  loads  Including 
applied  nodal  loads,  boundary  tractions, 
body  forces,  Initial  stresses  and  effect  of 
displacement  constraints. 

the  vector  of  nodal  point  fluxes  Including 
applied  nodal  fluxes,  boundary  fluxes,  body 
force  effects  and  effects  of  specified  pore 
water  pressures. 

[*„„]“  the  spatial  "stiffness  matrix"  for  the  ela- 
uu  stic  soil. 

the  spatial  "flow  matrix"  for  the  compress¬ 
ible  fluid  andAt-1. 

the  coefficient  characterizing  single-step 
temporal  discretization. 

the  coupling  matrix  representing  the  Influ¬ 
ence  of  pore  pressure  In  the  force  equili¬ 
brium  equation. 

[Kpu]T-  the  coupling  matrix  representing  the  Infl¬ 
uence  of  soil  volume  change  upon  the  nodal 
point  fluid  pressure. 
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IC„,]“  the  spatial  fluid  compressibility  matrix. 


PP' 


The  matrix  (K  ]  depends  on  the  Interpolation  scheme 
for  displacements  and  [C  l ,  [ft]  depend  upon  the 
Interpolation  scheme  for*the  pore-water  pressures. 
The  coupling  matrix  [K  ]  Involves  spatial  Interpol¬ 
ation  for  both  the  field  variables.  The  temporal 
discretization  tor  the  single  step  scheme  Is  re¬ 
flected  In  the  value  of  the  coefficient  0.  For  lin¬ 
ear  interpolation  0 "0,5.  Elements  of  matrices  are 
defined  as 
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Here  D,  k  are  matrices  describing  the  elastic  prop¬ 
erties  and  the  permeability,  respectively,  of  the 
porous  material.  f  is  assumed  to  he  constant  over 
each  element.  .N  t ,  N^ ,  _Ny,  _Nff  represent  interpolating 
functions  for  boundary  tractions,  boundary  flux, 
displacements  of  the  solid  and  fluid  pressures,  re¬ 
spectively.  The  Interpolating  functions  .N  ,  for 
the.  consolidating  region  and  for  its  boundary  will 
be  different. 

Equation  (7)  includes  the  "natural"  boundary  con¬ 
ditions  expressed  by  Equation  (4)  and  (6).  Equations 
and  (5)  are  satisfied  by  explicitly  requiring  u^ 
“  u.  on  and  W  -  4r  on  S3.  As  the  fluid  is  assumed 
to  be  incompressible  in  both  the  example  problems, 
the  matrix  C  is  aero.  It  is  Included  in  the  theo¬ 
retical  discussion  for  completeness. 


INTERPOLATION  FUNCTIONS  OF  SINGULARITY  ELEMENT 

To  set  up  singularity  elements,  Lee  (22]  used 
special  interpolation  schemes  following  the  proce¬ 
dures  given  by  Hughes  and  Akin  (25).  In  the  present 
work,  only  line  singularity  was  considered  in  the 
context  of  a  two-dimensional  problem.  Consider  the 
sequence  of  functions 

fn(x)  -  l-xn  (20) 

over  the  domain  [0,1],  In  the  limit  as  n->  «o  ,  f  (x)* 
1  for  x  in  the  interval  (0,1)  and  equals  0  at  x-1. 
This  is  the  type  of  discontinuity  encountered  in 
consolidation  analysis. 

1)  One-Dimensional  Elements 

(a)  The  two-node  singularity  element 

In  one  dimension,  over  range  (0,1),  the  singular- 


l-xn,  xn 

where  o  is  sufficiently  large.  For  n-1,  this  reduces 
to  linear  interpolation.  Noting  that  the  error  in 
pore  water  pressures  near  loaded  free-draining 
boundaries  is  of  relevance  only  immediately  after 
loading  and  decays  with  advance  in  the  time  domain, 
it  appeared  reasonable  to  use  a  composite  element 
which  would  approximate  the  singularity  for  small 
values  of  the  "elapsed  time"  after  loading  and  re¬ 
duce  to  linear  Interpolation  for  large  values  of  the 
time  variable.  This  led  to  use  of  variants  of  the 
type 


fn(x)  -  1  -  ax  -  ( l-a)xn  (21) 

where  a-0  approximate  the  singularity  element  and 
a-1  gives  linear  Interpolation.  Thus,  the  coeffi¬ 
cient  a  has  to  be  assighned  a  value  growing  with 
time  from  0  to  1 .  The  scheme  investigated  was  based 
on 


a-1  -  exp(-mt)  (72) 

in  which  m  is  a  scalar  coefficient  and  the  non-di¬ 
mensional  "time-factor".  The  investigation  covered  a 
range  of  values  of  n  and  m. 

(b)  The  three-node  singularity  element 
This  element  would  directly  involve  three  functions, 
viz. , 


1,  x,  xn 

where  n  is  sufficiently  large.  This  was  expected  to 
Include  linear  interpolation  and  approximation  of 
the  singularity  at  the  same  time. 

ti)  Two-Dimensional  Elements 

Corresponding  to  the  two  types  of  one-dimensional 
elements,  for  the  two-dimensional  case,  two  types  of 
elements  were  considered.  The  displacement  interpo¬ 
lation  was  the  same  as  for  the  two  element,  viz. 
the  same  as  In  9-4  element.  The  pore  pressure  inter¬ 
polation  corresponded  to  the  two  cases  discussed  in 
the  preceding  paragraph.  Fig.l  shows  the  arrange¬ 
ment  for  the  two  elements.  The  line  singularity  im¬ 
plies  singularity  in  one  variable  only.  In  the  fol¬ 
lowing,  we  assume  this  to  be  the  variable  t.  For  the 
8-4  element  the  interpolating  functions  are  (22]; 


(l-s)(l-tn> 


(N> 


s(l-tn) 
s  tn 


(1-S)tn 


(23) 


where  the  range  of  s,  t  is  [0,1],  If  the  variant  ex¬ 
pressed  by  Equation  (21)  is  employed; 
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For  the  8-6  element  the  Interpolating  functions  are; 


f(  l-8){(  1-t  )n)-(2-b)M} 


(N) 


s(a-tn)-(2-b)M} 

slt^bM} 


(l-s)(tn-bM) 


(25) 


time  domain  and  was  in  gooc  agreement  with  the  ana¬ 
lytical  solution,  except  at  early  time,  l.e.  t  < 
0.1.  The  pore-praeoure  distribution  generated  by  the 
two  elements  for  different  time  steps  19  shown  In 
Fig. 4  The  vertical  axiB  shows  the  ratio  of  depth  be¬ 
low  surface  to  the  total  height  h  of  the  soil  column 
considered.  The  horizontal  axis  gives  the  pore  fluid 
pressure  as  a  fraction  of  the  Intensity  of  the  con¬ 
stant  surface  load.  The  plots  are  for  values  of  time 
variable  equal  to  0.000001,  11.1,  201.1,  and  901.1 
corresponding  to  non-dlraenslonal  time  factor  t  « 
2t/h2  of  O.lxlO-8  ,  0.01165,  0.2110,  0.9195  where  U  - 
2Gk  and  It  Is  the  coefficient  of  permeability.  The 
plots  of  pressure  distribution  history  generated  by 
the  two  schemes  coincide.  At  early  stages,  the  error 
In  the  pore  pressure  at  points  near  the  loaded  sur¬ 
face  Is  quite  large  for  both  the  schemes.  This  Is  a 
feature  of  the  popular  spatial  Interpolation  schemes 
mentioned  earlier  (8). 


2sM 

2(l-s)M 

where  b  -  2^”n 

M  -  ( t— t n) { 1— 2 ( .5)n} 


NUMERICAL  EXPERIMENTS 

Terzaghl's  one-dlmenslonal  consolidation  problem 
and  Olbson's  problem  [26]  of  a  half-space  under  a 
strip  load  were  solved  using  Sandhu's  8-4  element 
and  Ghaboussl's  6-4  element.  Fig. 2  and  Fig. 3  show 
the  dimensions  and  element  mesh  used  in  the  analy¬ 
ses.  In  Gibson's  problem,  the  infinite  domain  is 
required  to  be  modelled  by  a  finite  one  for  numeri¬ 
cal  Implementation.  Three  alternative  boundary  con¬ 
ditions  were  considered  to  represent  the  "far" 
boundary  where  the  half-space  Is  cut  off. 

Case  (a)  Pore  fluid  pressure  and  horizontal  dis¬ 
placement  prescribed. 

Case  (b)  Fluid  flux  and  horizontal  displacement 
prescribed. 

Case  (c)  Pore  pressure  and  traction  prescribed. 

In  order  to  model  the  singularity,  the  8-4  element 
was  modified  and  applied  to  Terzaghl's  problem. 
Throughout  the  numerical  experiments,  material  prop¬ 
erties  for  the  test  problems  were  assumed  to  be  as 
follows : 

Modulus  of  elasticity  E-6000 

Poisson's  ratio  v-0.4 

Permeability  coefficient  k»4xl0“8 

For  Terzaghl's  porblem,  soli  and  water  particles 
were  assumed  to  be  Incompressible,  l.e.  a»l  and 
M-> oo  while  for  Gibson's  problem  linear  variation  In 
dlaplacement  and  pore  pressure  was  assumed,  l.e. 

, 5 . 

a.  Comparative  results  of  8-4  and  6-4  elements. 

In  solving  Terzaghl's  problem.  Fig. 2,  CPU  time 
was  13.92  seconds  for  8-4  element  while  for  the  6-4 
element  It  was  10.03  seconds.  The  response  of  the 
two  elements  practically  coincided  throughout  the 


In  solving  the  half-space  problem,  the  CPU  time 
for  8-4  element  was  315  seconds  while  for  the  6-4 
element  It  was  only  33  seconds.  For  the  settlement 
and  pore  pressure  history,  good  agreement  between 
the  results  for  the  two  finite  element  procedures  is 
seen  at  all  time  stages  regardless  of  "cut-off" 
boundary  conditions.  Fig. 5  compares  the  settlement 
and  pore  pressure  history  for  cases  (a)  and  (b),  us¬ 
ing  the  6-4  element  under  different  conditions  at 
the  "cut  off"  boundary.  A  non-dimensional  measure 
of  the  settlement  Is  Introduced  as  Gu/aq  where  G  Is 
the  shear  modulus,  a  the  half-width  of  loaded  strip 
and  q  the  Intensity  of  load  per  unit  width  of  the 
strip.  The  fluid  pressure  Is  represented  by  the 
fraction  V/q.  The  quantities  are  tabulated  for  di¬ 
mensionless  time  given  by t »  5t/h.  Table  1  shows 
that  the  location  of  the  "far"  boundary  was  selected 
far  enough  so  that,  for  the  case  where  horizontal 
displacements  are  assumed  to  vanish  at  this  dis¬ 
tance,  prescribing  vanishing  fluid  pressure  or  flu¬ 
id  velocity  at  this  boundary  had  little  effect  on 
the  displacements  and  fluid  pressures  near  the  cen¬ 
ter  of  the  loaded  area. 

Comparing  Case  (c)  with  Case  (a),  l.e.  consider¬ 
ing  the  effect  of  prescribing  traction  or  displace¬ 
ments  at  the  "far”  boundary  for  prescribed  fluid 
pressure,  It  was  found,  Fig. 5,  that  the  settlement 
In  the  early  stage  of  loading  was  significantly  af¬ 
fected.  The  solution  for  Case  (c)  was  In  excellent 
agreement  with  Gibson's  [26]  theoretical  solution. 

b.  Pore  pressure  distribution  by  singularity  element 

Fig, 6  shows  the  history  of  pore  water  pressure 
using  the  8-4  element  with  functions  of  the  type  ex¬ 
pressed  by  Equation  (20)  at  depth  0.03h  below  the 
top  f r  'e-draining  boundary  of  the  soli  column  of 
height  h.  Results  show  that  the  "Immediate"  pore  wa¬ 
ter  presrure  obtained  by  this  method  was  more  accu¬ 
rate  than  by  using  the  8-4  element.  However,  the 
pore  pressure  dropped  sharply  after  application  of 
the  load  and  accuracy  in  pore  pressures  was  worse 
than  that  of  the  8-4  element  in  later  time  stages. 
Apparently,  the  error  in  pore  pressure  at  later  time 
stagea  was  due  to  the  abscence  of  the  linear  term 
from  the  Interpolation  scheme.  For  time  factor  val¬ 
ues  upto  0.03,  the  error  reduced  with  n  Increasing 
upto  5.0.  For  time  factor  values  greater  than  0.3, 
the  error  Increased  with  increasing  n.  Fig. 7  and  8 
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represent,  respectively,  the  results  at  a  point 
0.06h  and  0.09h  below  the  loaded  surface.  As  would 
he  expected,  the  error  at  these  points  is  throughout 
smaller  than  that  at  0.03h.  The  pattern  of  depen¬ 
dence  upon  n  and  the  value  of  the  time  factor  is  es¬ 
sentially  the  same. 

To  combine  the  ability  of  the  slngurallty  inter¬ 
polation  to  give  more  accurate  "immediate"  pore 
pressures  and  the  accuracy  of  the  8-4  element  for 
later  time  stages,  it  appeared  reasonable  to  set  up 
shape  functions  such  that  the  element  has  the  char¬ 
acteristics  of  the  singularity  element  at  early 
stages  and  has  those  of  the  8-4  element  as  time  in¬ 
creases.  The  shape  functions  given  by  Equation  (21) 
would  accomplish  this.  A  parametric  study  was  car¬ 
ried  out  to  investigate  the  effect  of  variation  in  m 
for  values  of  n.  Pig. 9  compares  the  results  for 
various  values  of  n  paired  with  the  optimal  (out  of 
the  set  tried)  value  of  m  in  each  case.  The  least 
error  in  initial  pore  pressures  was  realized  for 
n=48,  m=40.  However,  the  error  was  seen  to  grow  with 
time.  The  best  overall  accuracy  was  obtained  for 
n-30,  m=32.5.  For  this  case,  maximum  error  was  less 
than  3%. 

CONCLUSIONS 

Ghaboussl  and  Wilson's  6-4  element  and  Sandhu's 
8-4  element  were  applied  to  Terzaghi's  and  Clbson's 
problem  for  which  exact  solutions  are  available.  To 
overcome  the  Inadequacy  of  commonly  used  spatial  in¬ 
terpolation  schemes  for  the  pore  pressure  distribu¬ 
tion  near  free-draining  loaded  surface  right  after 
loading,  singularity  elements  were  introduced  and 
applied  to  Terzaghi's  problem.  Results  of  these 
limited  numerical  tests  show  [22,23,24); 

i.  The  6-4  element  gave  a  solution  identical  to 
that  given  by  the  8-4  element  hut  with  significant 
savings  in  computational  time. 

li.  The  6-4  element  as  well  as  the  8-4  element 
predicted  the  solution  (t  -  0+) .  However,  at  early 
stages  of  loading,  both  elements  gave  unsatisfactory 
results.  Apparently,  special  singularity  elements 
[22,23,24]  are  required  near  loaded  drained  surfac¬ 
es  . 

ill.  The  conditions  at  the  "cut  off"  boundary  for 
the  finite  domain  considered  in  the  finite  element 
model  must  be  carefully  defined.  The  solution  near 
the  loaded  region  was  not  sensitive  to  whether  the 
fluid  flux  or  fluid  presure  was  prescribed.  However, 
prescribed  displacement  or  tractions  had  significant 
Influence.  This  is  in  line  with  Sandhu  and  Schiff- 
man's  experience  [27). 

iv.  Using  the  8-4  element  to  generate  the  solu¬ 
tion  at  time  t-0+,  numbering  of  the  nodal  points  has 
to  be  carefully  ordered  to  avoid  zeroes  on  the  diag¬ 
onal  of  the  matrix.  However,  Ghaboussl  and  Wilson's 
6-4  element  is  free  from  this  defect.  This  is  be¬ 
cause,  in  eliminating  the  additional  degrees  of 
freedom,  the  static  condensation  would,  in  general, 
result  in  non-zero  diagonal  quantities. 

v.  Accuracy  in  pore  pressure  at  all  time  satges 
can  be  achieved  using  the  8-4  "singularity"  element 
whose  shape  functions  are  based  on  f (x)-l-ax-( l-a)xn 
in  which  the  coefficient  a-l-exp(-mt) .  This  combines 
the  best  characteristics  of  the  singularity  element 
with  those  of  the  8-4  element. 


In  summary,  for  the  soil  consolidation  analysis, 
Ghaboussi's  6-4  element  appeared  distinctively  su¬ 
perior  to  the  4-4  element  in  that  it  gives  the  solu¬ 
tion  at  t lme“0+  and  does  not  have  the  oscillating 
error.  It  is  also  superior  to  the  8-4  element  in 
that  it  generated  numerical  solutions  which  were  as 
accurate  but  were  an  order  of  magnitude  more  econom¬ 
ical  to  obtain.  This  advantages  make  the  Ghaboussl 
and  Wilson's  6-4  element  be  a  good  candidate  for 
nonlinear  and  dynamic  analysis  as  well  as  for  exten¬ 
sion  to  three  dimensional  applications.  Use  of  sin¬ 
gularity  elements  was  successful  in  modelling  the 
pore  pressure  distribution  in  the  vicinity  of  free- 
draining  loaded  boundaries.  However,  only  one— dimen¬ 
sional  problem  was  considered.  It  is  necessary  that 
the  procedures  be  extended  to  problems  of  two  and 
three  dimensions  (point  singularity  as  well  as  sur¬ 
face  singularity)  before  firm  recommendations  for 
routine  use  of  certain  elements  can  be  made.  More 
investigation  is  also  needed  in  the  selection  of  in¬ 
dices  n  and  m  used  in  the  formulation.  Further,  re¬ 
alizing  that  the  consolidation  of  soils  is  a  decay 
process,  use  of  more  than  one  exponential  terms  in 
the  time  domain  could  possibly  enhance  accuracy. 
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Figure  8:  Distribution  of  the  'relative'  error  in 
pore  pressure  (8-4  singularity  element , 
shape  function  based  on  f(x)  “l-xn)  at 
0.09h 


Table  I:  Comparison  of  cases  (a)  and  (b);  Vertical 
displacement  and  pore  pressure  at  0.084a 
below  the  center  of  the  loaded  area 


Ct 

T-^r 

Gu/«q 

. « . 

Cue  * 

C«»«  b 

Cm*  * 

Cm*  b 

3.6»io** 

0.17055 

0.177012 

0.09619 

0.90026 

9.6*10"* 

0.779*6 

0.17769 

0.73221 

0.73562 

0.01066 

0.192710 

0.191256 

0.32014 

0.12164 

0.04096 

0.229296 

0.22779 

0.16341 

0.16434 

0.10666 

0.265962 

0.264534 

0.11456 

0.11526 

0.07456 

0.431540 

0.4  34202 

0.017170 

0.016061 

1.96656 

0.445332 

0.445914 

0.011439 

0.011163 
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ABSTRACT 

A  constitutive  relation  is  suggested  to 
characterise  the  nonlinear  viscoelastic  behaviour 
of  compacted  cohesive  soils  based  on  triaxial  com¬ 
pression  creep  and  relaxation  tests  conducted  at 
different  water  contents  and  confining  pressures. 
The  material  behaviour  was  characterised  by  two 
functionals,  nonlinear  creep  compliance  and 
equivalent  Poisson's  ratio.  The  nonlinear  creep 
compliance  was  found  to  be  a  power  function  of 
time  and  was  expressed  as  a  function  of  linear 
creep  compliance  and  stress  dependent  parameters 
independent  of  time.  Poisson's  ratio  was  found  to 
be  almost  time  independent,  but  highly  stress 
dependent. 

INTRODUCTION 

In  order  to  obtain  acceptable  results  in 
estimating  stresses  and  deformations  in  soil  masses 
due  to  changes  in  load.,  a  reasonable  characterisa¬ 
tion  of  all  aspects  of  the  stress-strain  behaviour 
of  the  soil  is  essential.  Numerous  research 
efforts  in  recent  years  have  led  to  the  development 
of  a  number  of  comprehensive  constitutive  laws  for 
soils  based  on  concepts  from  elasticity,  viscoelas¬ 
ticity  and  plasticity  theories.  These  models 
delineate  the  nonlinear  stress-dependent  inelastic 
behaviour  of  soils.  Generally  greater  attention 
ha3  been  devoted  to  elasto-plastic  deformations  and 
major  proportion  of  these  models  do  not  include  the 
time  dependent  bahaviour.  But  creep  and  relaxation 
behaviour  of  earth  materials  are  to  be  taken  into 
consideration  in  the  analysis  and  design  of  a 
number  of  practical  problems  in  geotechnical 
engineering  such  as  long  term  deformation  of  earth 
embankments,  stability  of  excavations  and  tunnels, 
relaxation  of  stress  in  the  anchorages  for  retain¬ 
ing  structures,  displacement  of  piles  driven  in 
clay  and  a  variety  of  other  soil- structure  inter¬ 
action  problems. 

Compacted  soils  are  extensively  used  in  the 
construction  of  embarkments,  highways,  airfields 
and  railroads.  They  have  been  considered  as  non¬ 
linear  elastic  materials  in  the  analysis  of  soil 
engineering  problems.  However  their  behaviour 
under  load  is  complex  and  they  exhibit  plastic  and 
viscoelastic  bahaviour  also.  When  a  compacted 
clay  sample  is  subjected  to  a  load,  the  total 


deformation  under  the  load  is  substantially  larger 
for  the  first  cycle  of  _oauing  than  for  the  subse¬ 
quent  cycles  of  loading  (It, 9).  The  deformation 
under  the  first  cycle  of  loading  is  the  sum  of 
plastic  and  viscoelastic  deformations  while  plastic 
deformation  is  essentially  absent  in  second  and 
subsequent  cycle-  of  loading.  In  this  paper  a 
constituti  e  relation  proposed  by  Schapery  (8)  is 
used  to  describe  the  nonlinear  viscoelastic 
behaviour  of  compacted  cohesive  soils  in  triaxial 
compression  creep  tests  under  second  cycle  of 
loading.  The  experimental  results  of  an  earlier 
investigation  is  used  in  this  analysis  (U). 

Sections  2  and  3  summarise  the  properties  of 
the  soil  used  in  this  investigation  and  the 
experimental  procedure  for  triaxial  compression 
creep  tests.  Section  k  analyses  the  time-dependent 
and  stress-dependent  characteristics  of  the  visco¬ 
elastic  parameters  for  the  compacted  soil  based  on 
experimental  observations.  Section  5  gives  a  brief 
description  cf  the  proposed  nonlinear  viscoelastic 
characterisation.  The  magnitudes  of  the  viscoelas¬ 
tic  parameters  and  the  influence  of  stress  level 
and  other  factors  are  discussed  in  section  6. 
Conclusions  for  the  investigation  are  given  in 
section  7. 

SOIL  PROPERTIES 

The  soli,  used  in  this  study  was  Edgar  plartic 
kaolin.  Its  liquid  limit  was  59f,  plastic  limit 
375f  and  clay  fraction  Slit.  Test  specimens  of 
1.31  cm  diam.  and  2,8l  cm  height  were  prepared  at 
different  water  contents  by  kneading  compaction 
which  was  accomplished  with  a  Harvard  miniature 
compaction  equipment.  Specimens  were  compacted  in 
five  layers  with  twenty  tamps  of  spring  loaded 
compactor  per  layer,  ccmpactive  force  being  27.3  kg. 
The  optimum  water  content  was  27.5%  and  the  maximum 
dry  unit  weight,  1  77  g  per  cm’.  The  specimens 
thus  prepared  were  assumed  to  be  homogeneous  and 
isotropic. 

EXPERIMENTAL  PROCEDURE 

The  compression  creep  testu  were  carried  out 
in  a  Norwegian  triaxial  chamber  which  had  rotating 
ball  bearings  for  reducing  the  piston  friction. 

The  loading  on  the  specimen  was  by  dead  weights, 
which  was  transferred  to  the  specimen  as  &» 


instantaneous!  step  load  by  a  hydraulic  Jack  and  a 
loading  platform. 

In  the  tests  reported  herein,  the  specimens 
were  allowed  to  creep  for  one  hour  under  the  stsp 
load  and  then  to  relax  for  30  min.  Two  cycles  of 
such  creep  and  relaxation  tests  were  conducted  at 
each  stress  level  before  increasing  the  load  to 
next  higher  stress  level.  The  process  was  repeated 
until  the  desired  stress  level  was  reached,  a 
single  specimen  being  used  at  all  stress  levels. 
Both  axial  and  lateral  strains  were  continuously 
measured  and  recorded  with  time.  After  the  creep 
and  relaxation  tests  were  completed  the  strength 
of  each  specimen  was  determined.  The  creep  tests 
were  conducted  at  various  confining  pressures  with 
different  water  contents.  Further  details  about 
th*  materials  and  testing  procedures  are  available 
elsewhere  (5,6). 

VISCOELASTIC  PARAMETERS 
Elastic  and  Viscoelrstic  Strains 

The  relation  between  total  shear  strain  and 
time  was  found  to  obey  a  power  law  with  time  for 
compression  creep  tests  of  longer  duration  on 
compacted  clays  (U).  Similar  relations  have  been 
observed  by  other  investigators  for  triaxial  creep 
tests  on  saturated  clays  (10)  and  compacted  clays 
(  7  )  and  for  torsional  shear  creep  tests  on 
compacted  clays  (2). 


Figure  1  shows  the  relation  between  D(c)  and  time 
for  various  stress  levels  and  the  relation  can  be 
expressed  as, 

D(c)  -  kjt"  (3) 

where  k^  is  constant  for  a  particular  stress  level 

confining  pressure  and  water  content.  Both  D(o) 
and  D(c)  are  functions  of  water  content,  confining 
pressure  and  stress  level. 

Equivalent  Poll son ' s  Ratio 

Two  material  functions  are  required  to 
characterise  the  load-deformation-time  behaviour 
of  an  isotropic  homogeneous  material.  The  second 
parameter  proposed  in  this  investigation  is  the 
principal  strain  ratio  or  the  equivalent  Poisson's 
ratio,  u(t),  which  is  defined  as  the  ratio  between 
the  lateral  strain,  e^(t)  and  the  total  axial 

strain,  e(t).  Figure  2  shows  the  relation  between 
Poisson’s  ratio  and  time  for  various  stress  levels 
The  magnitude  of  Poisson's  ratio  increased  with 
time  at  higher  stress  levels  and  decreased  with 
time  at  lower  stress  levels.  Hovever,  the 
magnitude  of  the  Increase  or  decrease  was  found  to 
be  comparatively  small.  Hence  Poisson 'e  ratio  can 
be  reasonably  assumed  to  be  independent  of  time. 
However  it  is  highly  stress  dependent. 

CONSTITUTIVE  RELATION 


In  this  investigation,  the  total  exial  strain, 
e  (t ) ,  was  considered  a-»  the  sum  of  initial  elastic 
strain,  c(o),  and  the  net  creep  strain,  e(c).  The 
strain  measured  at  a  very  small  time  (0.02  or 
O.Olt  min.)  was  assumed  to  be  equal  to  e(0).  A  power 
law  relation  was  fitted  to  correlate  e(c)  and  time, 
t.  Hence, 

c(t)  =  e(0)  +  At"  (1) 


A  general  nonlinear  viscoelastic  sonstitutive 
relation  derived  from  thermodynamic  principles 
proposed  by  Schapery  (8)  is  used  to  characterise 
the  time  dependent  behaviour  of  compacted  clay. 

For  uniaxial  loading,  the  relation  can  be  written 
as 

e(t)  -  g0DL(0)o  ♦  Kl  Z1  Dj/cHT-T1) 


where  A  and  n  are  constants  for  particular  stress 
level.  A  and  n  were  determined  for  each  creep  test 
by  the  method  of  least  squares.  The  magnitudes  of 
n  varied  from  0.15  to  0.35  with  the  majority  of 
values  between  0.2  and  0.3.  There  was  no  systematic 
influence  of  water  content  or  stress  levels  on  n. 

The  average  of  n  values  was  found  to  be  0.26  and 
this  can  tie  considered  as  a  material  constant  for 
kneading  compacted  specimens. 

Creep  Compliance 

The  creep  compliance,  D(t),  at  any  time  can  be 
defined  as  the  ratio  between  total  axial  strain, 
e(t)  and  the  principal  stress  difference,  (o^-o^). 

This  can  be  considered  as  the  sum  of  initial 
elastic  compliance,  D(0)  and  net  creep  compliance, 

D(c) , 


D(t) 


-  D(o)  +  D(c) 

» ii°L  + 

Va3  al"°3 


(2) 


dT 


dr 


(«0 


where  0^(0)  and  D^fc)  are  the  initial  elastic  and 

transient  creep  components  cf  linear  viscoelastic 
creep  compliance,  D(V  ). 


V(t) 


,t  at' 


T(t) 


dt' 


(5) 


®0*  ®1*  ®2  S  are  stress  dependent  material 
properties.  The  equation  contains  one  time 
deperdent  parameter  l',  (c),  one  time  independent 

parameter  DT(0),  both  Independent  of  stress  level 
and  four  stress  dependent  parameters  g0,  g, ,  g,, 
and  sq  .  These  four  parameters  tend  to  unity  at 

low  stress  levels  and  equation  1*  reduces  to  the 
superposition  Integral  of  linear  behaviour. 
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A 


(12) 


The  transient  creep  component  of  the  linear 

creep  compliance,  D.(c)  can  be  expressed  as  a  power 
L 

function  of  time  for  the  compacted  soil, 

D, ( c )  =  Ctn  (6) 

1_» 

where  C  and  n  are  material  constants.  Hence  in  a 
creep  and  recovery  test,  where  the  stress,  a  is 
removed  after  a  time  t  ,  the  total  axial  strain, 

e(t)  and  the  recovery  strain,  e  (t)  can  be  obtained 

*>y, 

e(t)  =  [Vl(o)  +  0(T7}tn]  0  (T) 

er(t)  =£if  [(1  +  aaX)"  -  (V)n]  (8) 

t-tl 

where  X  =  •— — 

c(c)  -  c£?)  t.n  o  '(9) 

an  1 
a 


dl(o) 


_sdcL  .  c _ 

(°l_a3^  *  (a.,-^) 


c  2 

Dt(0)  was  found  to  be  equal  to  UU . T  x  10  cm  /kg 

and  C  equal  to  5.8  x  10”  5  cm  /kg  in  this 
investigation.  The  magnitudes  of  gg  and 

(g-.g^/n  n)  were  found  from  substituting  the  values 
±  d  o 

of  C  and  DL(0)  into  equation  10.  It  has  been 

observed  (7)  that  the  range  of  scatter  was  rela¬ 
tively  small  upon  expressing  the  viscoelastic 
parameters  as  a  function  of  SSR  for  different 
confining  pressures  and  water  content  values  thus 
normalising  their  effects.  The  stress  dependent 
parameters  gg  and  (g^gg/a^11)  are  plotted  against 

SSR  in  figures  3(a)  and  3(b).  The  magnitudes  of 
these  parameters  approach  unity  at  the  lowest 
stress  levels  and  show  an  increasing  trend  with 
increasing  SSR.  They  can  be  approximately  consi  1- 
ered  as  linear  functions  of  SSR  beyond  the  linear 
viscoelastic  range. 


Poisson’s  Ratio 


The  nonlinear  viscoelastic  parameters  can  be 
evaluated  from  the  results  of  creep  and  recovery 
tests  using  a  graphical  shifting  procedure  (3). 
The  results  of  unconfined  compression  creep  tests 
on  compacted  clays  have  been  analysed  in  an 
earlier  investigation  (6). 

PARAMETERS  FOR  COMPACTED  SOIL 


Poisson’s  ratio,  u,  has  been  shown  to  be 
almost  independent  of  time  (figure  2)  and  it 
increases  with  increasing  stress  leve1  as  observed 
by  Daniel  and  Olsen  (l).  The  Poisson's  ratio  can 
also  be  considered  as  a  constant  in  the  linear 
viscoelastic  range.  At  higher  stress  levels  it 
can  be  expressed  as  a  function  of  the  initial 
Poisson's  ratio,  uQ,  as 


Creep 


An  examination  of  equation  7  shows  that  the 
nonlinear  viscoelastic  creep  compliance  can  be 
written  as, 

g  g 

D(t)  =  8qDl(0)  +  (^jp)  Ct"  (10) 

o 

n  can  be  assumed  a  constant  for  a  particular  type 
of  compaction  for  the  soil  and  its  magnitude  is 
equal  to  the  average  of  n  values  for  all  the  tests 
in  this  series  0.26. 


Vo 


(13) 


The  magnitude  of  »g  at  different  stress  levels  for 
all  the  tests  in  the  series  was  determined  and  mg 

is  plotted  against  SSR  in  figure  3(c).  The  magni¬ 
tude  of  Poisson's  ratio  Increased  from  about  0.03 
in  the  linear  range  to  about  0.2U  near  failure. 

The  Poisson's  ratio  and  SSR  can  be  correlated  by  a 
linear  function  beyond  the  linear  viscoelastic 
range. 


Recovery 


A  parameter,  stress-strength  ratio,  SSR,  is 
defined  as  the  ratio  between  the  principal  stress 
difference  (o^-o^)  and  the  principal  stress 

difference  at  failure  for  the  same 

confining  pressure 


SSR 


(O1-O3) 

T°l-^3Tf 


(11) 


The  material  behaviour  was  assumed  to  be 

linear  viscoelastic  at  the  lowest  magnitudes  of 

stress-strength  ratio,  which  was  about  0.1.  The 

average  values  of  DT(0)  and  C  determined  for  these 
L 

tests  in  addition  to  n  were  taken  to  be  the 
parameters  needed  to  characterise  the  linear 
viscoelastic  behaviour  of  compacted  clays. 


The  parameters  required  for  predicting  the 
recovery  deformation  are  the  net  creep  strain  e(c) 
and  the  parameters  g^  acid  aQ  as  shovn  in  equation 

8.  The  shifting  procedure  (3)  to  determine  g1  and 
a^  makes  use  of  a  master  recovery  curve  for  the 

particular  n.  The  parameters  were  determined  from 
the  recovery  tests  on  two  similar  specimens.  The 
average  n  value  obtained  from  the  creep  tests, 
0.2l*5,  was  used  to  draw  the  master  recovery  curve 
by  setting  gj*l  and  a  *1.  The  master  recovery 

curve  and  the  shifted  recovery  curve  are  shown  in 
figure  L .  After  obtaining  the  values  of  and 

ag  by  the  shifting  procedure,  the  magnitudes  of  g^ 

can  be  determined  from  the  creep  strain  for  these 
tests,  using  equation  9.  The  magnitudes  of  g^,g£ 


and  a^  are  plotted  against  SSR  in  figure  5.  While 
g1  and  ao  show  a  decreasing  trend  with  increasing 
SSR,  increases  in  magnitude  as  SSR  increases. 

CONCLUSION 

A  nonlinear  viscoelastic  relation  is  suggest¬ 
ed  to  describe  the  creep  and  relaxation  behaviour 
of  compacted  cohesive  soil.  The  nonlinear  creep 
compliance,  D(t)  derived  from  the  proposed  rela¬ 
tion  is  composed  of  an  initial  elastic  component, 
D(0)  and  viscoelastic  component,  D(c).  The 
nonlinear  components  are  expressed  as  functions  of 
linear  viscoelastic  components,  DT(0)  and  DT(c) 

L<  u 

and  D  (c)  and  stress  dependent  parameters,  gg.g^ 
g2  and  afl. 

It  was  found  that  the  nonlinear  creep 
compliance  for  compacted  soils  can  he  expressed  as 
a  power  function  of  time.  The  stress  dependent 
parameters  were  considered  as  functions  of  a 
parameter,  stress-strength  ratio 

It  was  observed  that  the  effects  of  water  content 
and  confininf  pressure  on  the  parameters  g^  and 

needed  to  define  the  creep  behaviour 

car.  be  approximately  accounted  for  by  this 
procedure.  These  parameters  can  be  approximately 
considered  as  linear  functions  of  SSR  in  the 
nonlinear  range.  The  stress  dependent  parameters 
gj  and  a^  were  found  to  be  decreasing  functions  of 

SSR  while  g2  was  an  Increasing  function  of  SSR. 

The  equivalent  Poisson's  ratio  was  almost 
independent  of  time  for  compacted  soils  and  an 
approximate  linear  relation  is  valid  betveer. 
and  SSR  beyond  the  linear  viscoelastic  range. 
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ABSTRACT 

The  results  of  compressive  high  strain-rate 
experiments  on  compacted  sand  are  presented. 
Experiments  were  conducted  on  a  60.3  mm  split 
Hopkinson  pressure  bar  (SHPB).  The  experiments 
showed  that  the  assumptions  necessary  for  a  valid 
SHPB  experiment  are  satisfied  when  using  compacted 
sand  samples  constrained  to  a  nearly  uniaxial 
strain  state.  Results  show  that  the  sample  stress- 
strain  response  is  governed  principally  by  the 
initial  sample  gas  porosity,  and  that  no  strain- 
rate  dependence  is  exhibited  at  sample  strains  less 
than  the  initial  gas  porosity.  Several  stress- 
strain  curves  are  presented  for  samples  prepared  at 
several  combinations  of  moisture  content  and  den¬ 
sity  with  applied  'tresses  and  strain  rates  up  to 

520  MPa  and  4000  sec  *,  respectively. 


INTRODUCTION 

This  paper  presents  the  results  of  a 
laboratory  investigation  into  the  high  strain-rate 
behavior  of  compacted  soil  using  the  split 
Hopkinson  pressure  bar  (SHPB)  technique  [l].  This 
work  has  been  performed  using  a  60.3  mm  SHPB  which 
is  located  at  the  Los  Alamos  National  Laboratory, 
Los  Alamos,  New  Mexico  [2j. 

For  the  experimental  program,  samples  were 
statically  compacted  into  thick-walled  confining 
cylinders  at  lengths  of  6.35  mm  and  12.7  mm.  The 
thick-walled  confining  cylinder  provided  a  means  of 
containing  the  sample  and  producing  a  condition  of 
nearly  uniaxial  strain  during  the  experiment.  The 
compaction  moisture  and  density  combinations  ranged 
from  drier  than  to  wetter  than  optimum  conditions 
as  determined  by  the  Harvard  compaction  test.  The 
applied  stresses  and  strain  rates  ranged  from 

240  MPa  to  520  MPa  and  1000  sec'1  to  4000  tec*1, 
respectively, 

CONFINING  SYSTEM 

To  achieve  a  nearly  uniaxial  strain  environ¬ 
ment  for  the  experiments,  the  soli  samples  were 
compacted  into  thick-walled  bearlng-broaze 
cylinders.  The  dimensions  of  these  cylinders  were 
60.35  mm  inside  diameter,  102  mm  outside  diameter, 
end  44.5  mm  in  length.  These  confining  cylinders 
served  two  purposes;  first,  to  contain  the  soil 
sample  Itself,  and  second,  to  cancel  the  effects  of 


radial  inertia,  forcing  the  sample  to  experience  a 
state  of  nearly  uniaxial  strain.  Thus,  sample  dis¬ 
tortion  or  barrelling  was  prevented  by  the 
elimination  of  friction  at  the  specimen/bar 
Interfaces . 

When  the  confining  cylinder  containing  the 
sample  was  placed  in  the  bars,  approximately  19  mm 
of  the  cylinder  overlapped  the  bars  on  each  end. 
To  determine  if  the  confining  cylinder  was  trans¬ 
ferring  any  stress  to  the  transmitter  bar,  a  test 
was  conducted  with  the  bars  separated  a  distance  of 
3.0  mm  (a  distance  greater  than  the  anticipated 
displacement  of  the  incident  bar)  and  the  confining 
cylinder  pieced  over  the  air  gap  between  the  bars. 
If  the  confining  cylinder  did  transfer  stress  to 
the  transmitter  bar  a  signal  would  be  recorded  at 
the  transmitter  bar  strain  gage;  if  not,  the  strain 
gage  record  would  be  flat.  The  results  indicated 
that  the  confining  cylinder  did  not  transfer  any 
measurable  stross  to  the  transmitter  bar. 

SAMPLE  PREPARATION 

The  clayey  sand  (SC,  Unified  Soil 
Classification  System)  was  obtained  in  bulk  quan¬ 
tities  from  the  McCormick  Ranch  test  site  located 
on  Klrtland  Air  Force  Base  (KAFB),  New  Mexico.  In 
order  that  the  soil  be  as  free  of  organic  material 
as  possible,  the  surface  vegetation  was  removed  and 
the  samples  were  taken  at  a  depth  of  1  to  2  meters. 
After  arriving  at  the  University  of  Utah  soils 
laboratory,  the  material  was  slaked  o  achieve  a 
uniform  mixture  as  well  as  to  break  spare  large 
clumps  of  soli. 

The  majority  of  samples  were  prepared  near  the 
optimum  moisture  content  (13.32)  and  dry  density 
(1.87  g/cc)  as  determined  by  the  Harvard  miniature 
compaction  test  (see  Figure  1).  To  achieve  as 
uniform  conditions  among  samples  as  possible,  the 
soil  was  mixed  in  batches  of  enough  material  to 
prepare  a  minimum  of  five  experimental  samples. 
Before  the  addition  of  water,  the  soil  was  passed 
through  a  No.  4  sieve  (4.75  sm  opening).  The  soil 
was  then  carefully  weighed  and  placed  in  a  large 
flat  pan.  The  correct  amount  of  moisture  was  added 
by  using  a  spray  bottle  so  that  an  even  distribu¬ 
tion  could  be  obtained.  The  sample  material  was 
then  mixed  thoroughly.  After  mixing,  a  damp  cover 
was  placed  over  the  soil  for  a  period  of  20  minutes 
to  allow  the  soil-water  mixture  to  stabilize. 
Following  the  stabilisation  period,  the 
sample  w*s  again  mixea  to  ensure  that  an  even  mix¬ 
ture  was  obtained. 
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The  Individual  experimental  samples  war*  than 
prepared  by  removing  the  appropriate  toil  mesa  from 
the  batch  tlx  to  yield  a  gives  volume  when 
compacted.  The  staples  war*  statically  compacted 
in  the  confining  cylinders  by  using  a  hydraulic 
press  with  spacer  rings  to  control  the  sample 
length  (and  hence,  density).  Two  ssaple  lengths 
were  used:  12.7  n  and  6.35  am.  Bach  sample  was 
then  sealed  in  a  plastic  bag  to  reduce  any  moisture 
loss  that  might  occur  prior  to  the  actual 
experiment.  The  seme  procedure  was  followed  for 
samples  prepared  on  the  wet  and  dry  side  of  optimum 
conditions. 

EXPERIMENTAL  PROGRAM 

The  information  reported  here  represents  the 
results  of  twenty-six  experiments.  In  most  cases, 
a  minimum  of  two  experiments  were  conducted  at  each 
combination  of  moisture  content  And  density,  in  or¬ 
der  that  data  replication  could  be  obtained.  Due 
to  the  nature  of  the  specific  Hopkinaon  bar  ap¬ 
paratus  used,  the  seating  strains  could  not  be 
controlled  with  great  accuracy,  hence  the 
pre-experiment  sample  length  differed  from  sample 
to  sample  affecting  the  ability  to  achieve  exact 
experiment  replication.  In  addition,  there  existed 
a  friction  force  between  the  launch  tube  and  the 
striker  bar  such  that  it  was  difficult  to  achieve 
duplicate  Impact  velocities.  The  applied  stresses 
(l.e.,  the  amplitudes  of  the  incident  waves  in  the 
bar)  ranged  from  240  MPa  to  520  MPa.  At  the 
completion  of  the  experiment,  the  sample  was 
removed  from  the  confining  cylinder  and  a 
post-experiment  moisture  content  determined. 

EXPERIMENTAL  ASSUMPTIONS 

In  analysing  the  strain  gage  data  recorded  in 
the  SHPB  experiment,  several  assumptions  need  to  be 
addressed.  These  are: 

1)  That  there  exists  a  uniform  distribution 
of  axial  stress  over  the  length  of  the  sample; 

2)  That  there  exists  a  uniform  distribution 
of  radial  stress  over  the  length  of  the  specimen; 

3)  That  the  Interfaces  between  the  bsrs  and 
the  samples  are  frlctlonless. 

Assumptions  two  and  three  will  be  addressed  first, 
followed  by  assumption  one. 

A  nearly  uniaxial  strain  state  is  forced  upon 
the  sample  oy  the  fact  that  it  is  contained  in  a 
thick-walled  confining  cylinder.  As  the  nominal 
inside  diameter  of  the  confining  cylinder  is  the 
same  as  the  diameter  of  the  bar,  the  stress  applied 
to  the  sample  will  be  constant  across  the  sample 
diameter  (provided  that  the  stress  is  constant  over 
the  diameter  of  the  bar)  (2].  This  configuration 
will  also  constrain  the  sample  such  that  there  will 
be  no  appreciable  radial  strain. 

As  briefly  mentioned  earlier,  this  configura¬ 
tion  will  prevent  sample  distortion  or  barreling 
during  the  experiment.  In  the  traditional  SHPB  ex¬ 
periment  a  sample  with  a  diameter  slightly  less 
than  that  of  the  bars  is  placed  between  them.  This 
is  to  allow  the  sample  to  expand  radially  during 
the  experiment  while  not  exceeding  the  diameter  of 
the  bar.  As  stress  Is  applied  to  the  sample, 
radial  shear  forces  sre  created  between  the  bars 
and  the  sample.  These  have  commonly  been  referred 


to  as  "end  effects"  or  "friction  effects.”  A 
result  of  these  end  effects  is  that  the  sample 
tends  to  be  clamped  at  the  specimen/bar  Interfaces 
[31.  This  prevents  the  sample  from  expanding 
uniformly;  hence,  barreling  of  the  sample  is 
obaervad.  By  preparing  the  sample  at  the  same 
diameter  as  that  of  the  barn  and  confining  it  so 
that  no  radial  expansion  is  allowed,  these  "end 
affects"  are  eliminated. 

An  analytic  method  for  determining  when  atreaa 
uniformity  la  achieved  in  an  SHPB  sample  was 
developed  by  Davies  and  Hunter  [4]  based  on  energy 
considerations  and  use  of  the  Taylor- von  Karmen 
theory  for  the  plastically  deforming  sample.  This 
expression  is  written  as  follows: 

do  .  *V2 


where  do/de  is  the  slope  of  the  a tre s s- s  tra 1 n 
curve,  p  is  the  density  of  the  specimen,  1  Is  the 

length  of  the  specimen,  snd  T  is  the  time  required 
for  the  stress  to  equilibrate  in  the  sample. 
Figure  2  shows  results  from  a  typical  experiment. 
Using  the  above  expression  with  the  stress-strain 
curve  (Fig.  2a)  and  the  appropriate  sample  length 
end  density,  T  Is  computed  to  be  66  microseconds. 
From  Fig.  2b,  It  can  be  determined  that  after  about 
65  microseconds  the  stresses  at  the  two  Interfaces 
are  indeed  approximately  equal.  The  stress  dif¬ 
ference  across  the  Interfaces  as  a  function  time  is 
shown  in  Fig.  2c.  If  axial  Inertia  forces  are  ab¬ 
sent,  this  stress  difference  should  be  zero.  It 
can  be  seen  that  after  about  65  microseconds  the 
stress  difference  Is  very  small. 

EXPERIMENTAL  RESULTS 

Figurea  3  and  4  show  typical  s tress- s tra In 
curves  for  sample  lengths  of  12.7  mm  and  6.35  mm, 
respectively,  over  s  range  of  applied  stresses. 
The  experimental  conditions  are  given  In  Table  1. 
In  both  figures,  the  Initial  portions  of  the  curves 
are  slightly  concave  toward  the  stress  axis.  The 
average  stress  experienced  by  the  specimen  in¬ 
creased  with  increasing  applied  stress  Independent 
of  the  sample  length.  The  stress-strain  response 
was  very  similar  for  applied  stresses  up  to  400  MPa 
with  some  increase  in  stiffness  observed  at  higher 
applied  stresses.  For  all  applied  stress  levels, 
the  samples  began  to  stiffen  at  strains  ap¬ 
proximately  equal  to  the  gas  porosity.  For  both 
sample  lengths  snd  at  all  applied  stresses,  the 
strain  at  peek  stress  experienced  by  the  sample  ex¬ 
ceeded  the  gee  porosity  of  the  materiel.  This 
discrepancy  will  be  addressed  in  the  next  section. 

To  observe  how  moisture  content  variations  af¬ 
fect  the  stress-strain  response  of  the  soil, 
temples  were  prepared  at  the  following  nominal 
moisture  contents;  7  percent,  13  percent  and 
15  percent  (tee  Figure  1  for  relationship  to  the 
Harvard  conpactlou  curve).  Figures  5  and  6  show 
the  effect  of  moisture  content  on  s treso-s train 
response  for  sample  lengths  of  12.7  mm  at  an  ap¬ 
plied  stress  of  400  MPa,  and  6.35  mm  at  an  applied 
stress  of  250  MFs,  respectively.  From  Figure  5, 
there  is  a  clear  indication  that  the  sverage  stress 
experienced  by  the  samples  increased  with 
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TABLE  1 

_ Summary  of  experimental  condition*. _ 

Experiment  Sample  Water  Gas  Wet  Applied 


Number  length  content  poroaity  denalty  atreaa 
_ (am)  { X )  (X)  (Mg/n3)  (MPa) 


LL2 

6.44 

LI. 8 

7.9 

2.09 

425 

113 

6.45 

12.1 

7.7 

2.09 

385 

114 

6.55 

12.1 

9.2 

2.05 

386 

115 

6.45 

11. 4 

10.6 

2.04 

395 

LL6 

6.37 

11.2 

8.1 

2.10 

243 

117 

6.35 

10.7 

8.5 

2.10 

268 

118 

6.45 

10.6 

10.3 

2.07 

244 

119 

6.45 

10. 4 

9.9 

2.08 

246 

131 

13.13 

L2.4 

9.6 

2.04 

387 

132 

12.69 

12.5 

6.9 

2.10 

375 

133 

12.91 

12. 4 

8.0 

2.07 

368 

134 

12.59 

12.4 

5.8 

2.12 

399 

135 

13.07 

7.0 

23.4 

1.84 

385 

136 

12.23 

15. L 

5.2 

2.08 

397 

138 

5.96 

13.0 

4.9 

2.13 

251 

139 

6.09 

7.0 

17.7 

1.98 

249 

145 

12.65 

IL.8 

6.2 

2.13 

269 

146 

12.67 

11.9 

6.3 

2.13 

523 

147 

6.36 

11.9 

6.6 

2.12 

237 

148 

6.31 

L4.4 

7.4 

2.04 

249 

162 

6.29 

13.0 

4.4 

2.14 

519 

163 

6.31 

12.9 

4.8 

2.13 

522 

164 

12.98 

12.9 

7.5 

2.07 

507 

165 

12.89 

12.7 

7.1 

2.09 

254 

166 

6.24 

14.0 

4.4 

2.12 

261 

167 

6.22 

14.0 

4.1 

2.12 

261 

increasing  moisture  content  (Table  l).  Also  the 
samples  became  stlffer  with  increasing  moisture 
content,  and  the  strain  at  peak  stress  experienced 
by  the  sample  decreased  with  increasing  moisture 
content.  As  with  the  other  stress-strain  curves 
shown,  there  is  a  marked  break  in  slope  near  the 
gas  porosity.  This  change  is  slope  la  not  observed 
for  the  dry  sample  (experiment  135).  The  strain 
experienced  by  the  sample  at  peak  stress  decreased 
with  Increasing  water  content.  The  6.35  mm  samples 
also  became  stlffer  with  Increasing  moisture  con¬ 
tent  with  a  change  In  slope  near  the  gas  porosity 
(Figure  6).  However,  this  change  In  slope  is  less 
abrupt  than  observed  In  the  thicker  samples.  As 
with  the  12.7  mm  sample,  the  6.35  mm  samples  ex¬ 
perienced  decreasing  strain  at  peak  stress  with 
increasing  moisture  content. 

There  Is  a  difference  in  the  response  of  the  dry 
sample  for  the  two  sample  Lengths.  The  12.7  mm 
sample,  which  had  a  gas  porosity  of  23.4  percent, 
experienced  very  little  build  up  of  stress  at  the 
maximum  strain  of  16  percent.  For  the  6.35  mm 
sample,  which  had  a  gas  porosolty  or  17. 7  percent, 
the  accumulated  strain  approached  that  value  with  a 
substantially  higher  build  up  of  stress. 
Therefore,  It  appears  that  stiffening  begins  at 
strains  slightly  less  than  the  initial  gas 
poroaity. 

Another  major  Interest  of  this  research  was 
whether  or  not  a  sufficient  degree  of  experimental 
replication  could  be  achieved.  Figure  7 
demonstrates  the  success  of  this  effort.  There  Is 
virtually  no  observable  difference  between  the  four 
experiments  In  this  figure,  except  that  one  sample 


(experiment  117)  received  an  Impact  stress  somewhat 
higher  than  the  other  three. 

To  determine  the  strain-rate  sensitivity  of  the 
compacted  soil,  stress-strain  rate  curves  were  con¬ 
structed  at  constant  strain  levels.  Such  a  plot  Is 
shown  in  Figure  8  for  6.35  mm  samples  compacted  to 
moisture  and  density  conditions  near  optimum.  The 
dashed  lines  show  the  stress-strain  rate  trajec¬ 
tories  averaged  for  each  of  two  sets  of  experiments 
conducted  at  the  same  applied  stress.  The  solid 
lines  connect  points  of  constant  strain  between  the 
two  seta.  From  Figure  8,  It  can  b6  seen  that  there 
Is  no  strain-rate  dependence  at  strains  less  than 
the  Initial  gas  porosity.  This  is  In  accord  with 
the  findings  of  Gaffney  et  al .  [2]  that  strain-rate 
dependence  effects  on  loading  occurred  In  dry  al¬ 
luvium  only  at  strain  rates  above  5000  sec~*. 

DISCUSSION 

In  most  cases,  the  strains  experienced  by  the 
samples  exceeded  the  initial  gns  porosity.  Several 
phenomena  may  work  together  to  account  for  this 
observed  discrepancy:  l)  Water  compression, 

2)  Radial  expansion  of  the  confining  cylinder, 

3)  Water  Loss,  and  4)  Soil  loss.  The  first  three 
have  the  potential  to  be  examined  quantitatively, 
while  the  last  can  be  looked  at  qualitatively,  at 
best.  Addressing  the  potential  strain  contribution 
of  the  above  factors  Individually  and  then  summing 
their  contributions  would  seem  a  natural  approach 
to  the  problem.  However,  the  experimental  environ¬ 
ment  complicates  this  approach.  At  the  Incident 
bar/sample  Interface  the  Initial  compressive  stress 
wave  is  reflected  as  a  tensile  wave  due  to  the 
lowur  lmpedence  of  the  sample  relative  to  the  bar. 
This  tensile  wave  travels  back  down  the  bar  toward 
the  end  at  which  Impact  occurred.  As  the  Impact 
end  of  the  bar  Is  now  a  free  end,  the  tensile  wave 
is  reflected  as  a  compressive  wave  travelling  once 
again  toward  the  sample,  and  hence,  reloading  the 
sample.  Because  of  this  multiple  Impact  situation, 
there  is  no  way  to  determine  the  contribution  from 
water  loss  and  soil  loss  during  the  period  of  the 
first  applied  pulse  alone  (about  150  ps) . 

Because  a  sample  moisture  was  determined  before 
and  after  each  experiment,  a  measure  of  the  amount 
of  moisture  loss  is  available.  The  average  mois¬ 
ture  loss  for  all  the  experiments  was  11. 0  percent. 
Also,  it  can  be  observed  that  some  soil  mass  Is 
lost  from  the  confining  cylinder  durlag  the 
experiment.  However,  there  is  no  way  of  measuring 
how  much  is  Lost  or  the  distribution  of  the  loss 
(If  the  loss  occurs  during  the  period  of  the  first 
applied  pulse  or  later  In  the  experiment).  It  is 
slso  certain  that  the  pore  water  does  compress  and 
the  confining  cylinder  does  experience  radial 
expansion. 

Because  of  the  uncertainty  In  the  evaluation  of 
the  strain  contribution  from  the  above-mentioned 
factors  Individually,  a  gross  strain  adjustment  has 
been  made  even  though  It  is  possible  to  calculate 
the  effect  of  water  compression  and  cylinder 
expansion.  This  was  accomplished  by  plotting  the 
difference  between  the  strain  at  maximum  average 
stress  and  the  Initial  gas  porosity  sgainst  the 
average  force  (computed  as  the  maximum  average 
stress  multiplied  by  the  area  of  the  sample).  A 
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simple  linear  regression  line  was  than  fit  to  the 
data  for  aaaplaa  prepared  near  optimum  water  con¬ 
tent  (Figure  )).  Ualng  the  ragraaalon  line  and  the 
avorage  force  experienced  by  the  sample,  •  sys¬ 
tematic  atraln  correction  waa  then  computed  for 
each  experiment.  The  atraln  correction  waa  then 
added  to  the  aaaple  gaa  poroalty  to  yield  an  acco¬ 
untable  aaaple  atraln  which  could  be  coaparad  to 
the  atraln  experienced  by  the  aaaple  at  the  aaxlaun 
average  atreaa.  The  dlacrepancy  between  the  acco¬ 
untable  atraln  and  the  atraln  at  aaxlaua  atreaa  la 
then  uaed  aa  a  aeaaure  of  the  aucceaa  of  the  cor¬ 
rection  (Table  2). 


TABLE  2 


Test 

No. 

Gas  Strain 

porosity  correction 
(X)  (X) 

Sum 

(X) 

Strain  at 

peak  stress 

<*.' 

Balance 

(X) 

112 

7.9 

7.87 

15 .77 

19.79 

OF 

113 

7.7 

7.67 

15.37 

17.40 

2.03 

114 

9.2 

7.61 

16.81 

19.60 

2.79 

115 

10.6 

8.07 

18.67 

18.03 

-0.64 

116 

8.1 

4.98 

13.08 

14.24 

1.16 

117 

8.5 

6.54 

15.04 

14.30 

-0.54 

118 

10.3 

5.18 

15.43 

14.06 

-1.42 

119 

9.9 

4.93 

14.33 

14.07 

-0.76 

131 

9.6 

6.10 

15.70 

12.68 

-3.02 

132 

6.9 

6.43 

13.33 

10.67 

-2.66 

133 

8.0 

5.52 

13.52 

12.52 

-1.00 

134 

5.6 

6.57 

12.37 

12.22 

-0.15 

138 

4.9 

5.75 

10.65 

11.80 

1.15 

145 

6.2 

3.51 

9.71 

10.12 

0.41 

146 

6.3 

9.41 

15.71 

13.30 

-2.41 

147 

6.6 

4.78 

11.38 

12.99 

1.61 

162 

4.4 

9.74 

14.14 

20.60 

6.46 

163 

4.8 

12.52 

17.32 

15.27 

-2.05 

164 

7.5 

9.28 

16.78 

12.43 

-4.35 

155 

7.1 

2.70 

9.70 

9.27 

-0.43 

After  Making  the  atraln  adjoatment,  experi¬ 
ment  162  la  the  only  experlaent  that  haa  a 
significant  dlacrepancy  reoalnlng.  The  stress- 
straln  curve  for  that  axperlaent  (Figure  10) 
suggests  that  a  greater  aaount  of  aoll  and  water 
extrusion  may  have  occurred  In  that  experlaent  then 
in  the  other  experlaents.  At  about  270  MPa,  the 
sample  beglna  to  accunulate  strain  with  very  aaall 
changes  In  stress.  Similar  behavior  la  not 
observed  to  this  extent  In  any  other  saaple,  and  we 
believe  that  It  can  be  attributed  to  excesalve  ex¬ 
trusion  of  soil  and  water  during  the  course  of  the 
experiment. 

It  was  observed  In  Figure  8  thet  aa  the  ac¬ 
cumulated  ■.ample  atraln  approached  and  exceeded  the 
Initial  gas  poroalty  a  dapendence  on  strain-rate 
seemed  to  develop.  However,  this  apparent  behavior 
should  be  viewed  with  some  caution  for  two  reasons. 
First,  the  constant  strain  curves  used  to  show  this 
apparent  strain-rate  dependence  are  only  rough 
averages  developed  froa  a  few  data  polnta.  Second, 
the  factors  Identified  to  account  for  the  dlt- 
crepacy  between  the  strain  at  eaxlsiua  stress  and 
the  Initial  gas  porosity  cannot  be  quantified  with 
the  necessary  accuracy  to  determine  their  effect  on 
the  apparent  strain-rate  dependence. 


t-;v. 


CONCLUSIONS 


Froa  the  results  of  this  experimental  study 
conducted  on  compacted  sand  aamplea  at  strain  rates 
.  -  1 


up  to  4000  sec  ,  w«  draw  the  following 
conclusions. 

a)  The  assumptions  necessary  for  a  valid  SHPB 
experiment  can  be  satisfied  for  compacted  sand 
samples  constrained  to  a  nearly  uniaxial  strain 
state. 

b)  Experimental  replication  can  be  achieved 
If  sufficient  care  is  taken  In  saaple  preparation 
and  generation  of  the  Incident  stress  wave. 

c)  The  stress-strain  response  of  the  soil 
studied  it  governed  principally  by  the  Initial  gas 
porosity  of  the  sample. 

d)  Compacted  clayey  sand  samples  appear  to  be 
Insensitive  to  atraln  rate  (at  least  up  to  4000 

sac"*’)  so  long  as  the  strain  experienced  Is  less 
than  the  Initial  gas  porosity.  At  strains  In  ex¬ 
cess  of  that  value,  there  la  an  apparent  strain- 
rate  dependence;  however,  caution  Is  recommended 
until  further  experimental  confirmation  of  this  ap¬ 
parent  behavior  can  be  obtained. 


REFERENCES 


[1]  Kolaky,  H.  An  Investigation  of  the  mechanical 
properties  of  materials  at  very  high  rates  of 
loading.  Proc.  Phys.  Soc.  B62,  676-700  (1949). 

[2]  Gaffney,  E.  S.,  J.  A.  Brown  and  C.  U.  Felice, 
Soila  as  samples  for  the  split  Hopklnson  bar.  This 
volume. 

[3]  Green,  S.  J.,  and  R.  D.  Perkins,  Uniaxial  com¬ 


pression  teats  at  strain  rates  froma  lO'Vsec  to 
lOVsec  on  three  geologic  materials.  DASA  2199, 
Defense  Atomic  Support  Agency  (now  Defense  Nuclear 
Agency),  Washington  (1969). 

(4]  Davies,  E.  D.  H,  and  S.  C.  Hunter,  The  dynamic 
compression  tasting  of  solids  by  the  method  of  the 
split  Hopklnson  pressure  bar.  J.  Mech.  Phys. 
Solids  11,  155-179  (1963).  ~  ~  ~ 


2.0 


i 


1.0 


1.8 


1.7 


1.8 


1.6 


A 

*0 

yr\ 

\ _ 

•/ 

'  % 

/ 

J  C 

1 

0  1 

S  2 

0  21 

MOISTURE  CONTENT  IN  PERCENT  OF  DRY  WEIGHT 


Figure  1.  Sample  moisture  and  density  in  comparison 
to  the  Harvard  compaction  curve.  +  Harvard  compac¬ 
tion  data,  o  wet  of  optimum,  n  dry  of  optimum, 
□  near  optimum. 
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Figure  3.  Experimental  results  for  a  12.7  mm  sample 
over  a  range  of  applied  stresses.  269  MPa,  solid; 
399  MPa,  dashed;  507  MPa,  chain-dotted. 
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Figure  4.  Experimental  results  for  a  6.35  mm  sample 
over  a  range  of  applied  stresses.  246  MPa,  solid; 
395  MPa,  dashed;  522  MPa,  chain-dotted. 
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Figure  2.  Typical  experimental  results  for  a  12.7 
am  sample  with  an  applied  stress  of  400  MPt. 
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Figure  5.  Experimental  results  for  a  12.7  an  sample 
prepared  at  nominal  moisture  contents  of  7  percent 
(solid),  13  percent  (desned)  and  15  percent  (chain- 
dotted)  . 
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STRAIN  IN  PERCENT 

FigUM  6.  Experlaantal  reaulta  for  a  6.33  m  aaaple 
prepared  at  noalnal  aotatura  con  tan  ta  of  7  parcant 
(aolld),  13  parcaat  (daahad)  and  15  parcant  (chaln- 
dottad). 
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Figure  9.  Llnaar  regraaalon  fit  to  data  for  all 
aaaplea  coapactad  to  naar  optiaua  condition*  uaed 
In  tha  a/ataaatlc  a  train  adluataant  dlacuaaad  In 
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Figure  7.  Expar leant*  L  replication  for  6.33 
aaaplea.  The  axperlaenta  are  116  (aolld),  1 
(daahed),  118  (chain-dotted),  119  (chaln-daahad) . 
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Figure  10.  Streaa-atraln  raaponaa  for  experiaent 
162  * 
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Figure  8.  S traaa-atraln  rate  plot  for  6.33  aa 
aaaplea  coapactad  to  near  optiaua  condition*. 
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ABSTRACT 

Soils  frequently  exhibit  one  or  more  of  the 
following  characteristics  which  complicate  analysle 
of  data  from  split  Hopklnson  bar  tests  or  'sake  test 
setup  end  execution  difficult!  low  ware  speed,  high 
attenuation  of  acoustic  energy,  or  Insignificant 
structural  strength.  Low  wave  spaed  Invalidates 
the  assumption  that  the  sample  1*  deformed 
uniformly  by  the  load  at  early  times;  but,  use  of  a 
Lagraaglan  wave  propagation  analysis  permit* 
derivation  of  useful  Information  from  the  standard 
suite  of  data.  Use  of  gauges  within  the  sample 
would  facilitate  this  technique.  High  a  ttenua  tion 
requires  thin  samples,  which  restrict*  the  strata 
paths  which  can  be  achieved.  The  weakness  of  non- 
coheslvs  soils  preseats  difficulties  la 
preparation,  handling  and  control  of  bouadary 
conditions.  One  simple  solution  Lj  to  support  tha 
sample  In  a  rigid  sleeve;  this  results  In  a 
uniaxial  strain  axperlmaat  so  that  the  reeults  are 
directly  comparable  to  shock  wava  data. 


INTRODUCTION 

For  the  past  35  years,  the  split  Hopktnson  bar 
has  been  used  to  measure  the  hlgh-s tr.» In-ra te 
mechanical  behavior  of  many  materials.  Kolsky's 
pioneering  work  In  1449  [ll  Investigated  elastomers 
and  metals  In  very  thin  discs.  Later  work  tree  tad 
similar  materials  In  other  shapes  (s.g.,  [2])  and 
axtunded  the  work  to  other  metals  and  to  ceramics 
and  cocks  (e.g.,  [3]).  Some  work  has  even  been 
reported  on  very  low  density  foams  [4].  In  recent 
years,  there  has  beon  Interest  In  the  possibility 
of  applying  the  split  Hopklnson  bar  to  the  deter¬ 
mination  of  the  high- strain-rate  response  of  soils. 
The  driving  force  for  most  of  this  Interest  has 
been  the  need  to  develop  predictive  methods  for  es¬ 
timating  structural  damage  to  military  systems  In 
or  ou  soil.  However,  Information  on  the  high 
strain  rate  deformation  of  soils  Is  potentially 
useful  In  other  technical  areas  such  is  mining, 
overburden  removal,  earthquake  engineering,  con¬ 
tainment  of  underground  nuclear  teets,  and  the 
study  of  impact  and  explosion  cratering  phenomena. 

la  the  pent  two  year*  we  h*v*  conducted  over 
150  tests  of  soli  speclmana  In  a  split  Hopklnson 
bar  at  Los  Alamos  National  Laboratory.  These  busts 
have  provided  e  considerable  challenge  and  *  sub¬ 
stantial  learning  process.  The  purpeso  of  this 
paper  la  to  ahare  with  the  community  some  of  the 


peculiarities  of  testing  soils  with  the  Hopklnson 
bar  and  the  techniques  we  have  used  to  overcome  of 
the  difficulties.  A  more  detailed  discussion  of 
ths  dynamic  behavior  of  a  particular  soli  Is  given 
In  a  companion  paper  [5],  but  most  of  the  examples 
here  are  taken  fro*  e  Los  Alamos  report  describing 
tha  dynamic  behavior  of  a  dry  desert  alluvium  [6]. 

THE  SPLIT  HOPKINSON  BAR 

A  typical  arrangement  for  the  apllt  Hopklnson 
bar,  or  Kolsky  apparatus,  1*  shown  schema ttcslly  la 
Figure  l.  The  system  consists  of  two  long 
cylindrical  btrsi  the  Incident  or  laput  bar  and  the 
transmitter  or  output  bar.  For  compression  test¬ 
ing,  the  cylindrical  specimen  Is  pieced  between  the 
two  bars  and  a  compreaalva  struts  pulse  Is 
generated  at  the  end  of  the  Incident  bar  by  Impact 
of  the  projectile  or  striker  her.  The  amplitude  of 
the  Incident  stress  pulse  Is  determined  by  the  Im¬ 
pact  velocity  and  the  materiel  properties  of  the 
projectile  and  the  Incident  bar,  while  the  duration 
of  the  pulse  Is  dependent  on  the  length  end  modulus 
of  the  projectile. 

The  stress  pulse*  Incident  on  end  reflected 
from  the  Incident  bar/speclmeu  Interface  are 
recorded  with  strain  geugns  mounted  at  some  point 
along  the  Incident  bar  sufficiently  distant  from 
either  ead  to  prevent  overlap  of  wev*  train*.  The 
stress  transmitted  through  tho  specimen  Is 
monitored  by  elmllarty  mounted  gauge*  on  the  trans¬ 
mitter  her.  A  momentum-absorbing  arrangement  at 
the  end  of  the  transmitter  bar  prevents  aultlplm 
reflections  of  the  transmitted  stress  wave.  It  1* 
assumed  that  the  bars  remain  elastic  during  the 
passage  of  the  stress  wave  so  that,  except  for  the 
dispersive  effects  discussed  below,  the  strain 
gauges  accurately  reproduce  the  appropriate  *  trace 
histories  in  th*  bars. 

The  split  Hopklnson  bar  apparatus  operated  by 
the  Geophysics  Croup  st  Los  Alamos  National 
Laboratory  consists  of  lacldant  and  tranaaltter 
bars  *a  described  above  supported  by  a  massive 
reaction  frame  and  Includes  several  other  features. 
The  bars  are  60.3  «s  diameter,  1.22  *  long, 
Vascomax  350  maraglng  steel  heat  treated  to  a  yield 
stress  of  about  2  GP«  (300  ksl).  Teflon  bushing* 
In  the  cross  membsrs  of  the  reaction  frame  support 
the  bars  at  about  half  eater  Intervals.  For 
control  of  specimen  pore  pressure,  each  ber  Is 
provided  with  e  3.2  mm  diameter  axial  hole  vented 
radially  about  0.3  m  from  th*  specimen  end.  When 
not  required,  the  cooe-sheped  openings  of  these 
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hot**  *t  the  specimen  ends  of  the  tars  «r«  plugged 
ulth  eetchlng  cones  of  the  sene  steel.  Stress 

I  us  ties  to  the  bars  sc*  Monitored  by  strain  gauge 

pairs  mount*!  0.61  «  froe  the  spec  lean  ends.  The 
pairs  ere  used  In  a  half-bridge  configuration  to 
null  bending  strains. 

the  incident  i  tress  pulse  Is  generated  by  la- 
pact  of  a  projectile  froe  a  seal!  gee  gun. 
Projectiles  nre  available  to  generate  pulses  ulth 
i  nominal  durations  of  60,  100,  and  200  pa. 

j  Projectile  velocity  Is  eeesured  Just  prior  to  tm- 

'  pact  by  three  pairs  of  diode  lasers  and 

photodotectors  Mounted  In  the  musxle  of  the  guu. 

A  static  pre-load  of  up  to  200  MPa  (30  kal) 
can  be  applied  by  a  hydraulic  ran  located  at  the 
downstream  and  of  the  transmitter  tar.  Finally,  a 
momentum- trapping  steel  slug  Is  atteched  to  the 
roar  of  the  ram  by  a  breakaway  bolt  and  allowed  to 
|  fly  off  Into  a  cag-fllled  basket. 

Transient  signals  froe  the  too  contlnuouely- 
powered  strain  gauge  bridges  are  filtered  end 
preempt  If  led ,  then  routed  to  the  data  acquisition 
and  control  area  In  the  adjacent  room.  The  elgnal 
conditioning  amplifiers  also  have  a  provision  for 
switching  to  a  calibration  signal  which  verifies 
the  overall  gain  of  the  data  acquisition  system. 
Further  amplification  is  nrovidad  as  required  prior 
to  llgltal  recording  of  the  elgoals.  The  analog 
bandwidth  of  the  signal  recoding  system  Is  1  HHs, 
to  pcevent  aliasing  of  the  digital  record,'. 

The  data  are  recorded  by  CAHAC  (IEEE-583) 
based  waveform  digitisers.  Tbs  Incident  end  trans¬ 
mitter  bat  records  are  recorded  on  separate 
channels  with  8-blt  resolution.  At  the  usual  rate 
of  0.6  ps  per  point,  a  total  of  4  ms  of  data  are 
recorded  per  channel,  and  a  timing  algacl  derived 
from  the  projectile  velocity  measuring  system  is 
used  to  position  the  useful  data  appropriately 
within  this  window.  The  data  are  automatically 
teed  by  a  small  microcomputer  and  stored  on 
flexible  disk  for  later  processing  on  a  lsrgar 
machine . 

In  the  standard  analysis  of  Hopklnson  tar  data 
[3],  the  stress  at  the  Incident  bar/tample  Intec- 
face  Is  cslculated  ss 

at-E(I+H), 

when  E  Is  Young's  modulus  for  the  bar,  I  la  the 
Incident  strain  end  R  la  the  reflected  strata;  the 
stress  at  the  snmple/craascltter  tar  Interface  Is 

<Jt-E(T) , 

when  T  Is  the  transmitted  strain;  and  the  strain 
rate  In  the  specimen  Is  given  by 

fc-C  (l-E-Tj/l  , 
o  o 

where  C^2-E/p,  p  Is  the  density  of  ths  tar,  end  l 

is  the  Initial  sample  length.  In  ordec  to  get 
stress-strain  paths  for  the  deformation,  the  etree* 
Is  calculated  as  the  avacaga  of  the  stress  at  ths 
two  Interfaces  and  ths  strain  Is  the  time  Integral 
of  the  strain  rata. 

In  the  above  expressions,  all  the  strain 
pulses  ace  shifted  In  time  to  coincide  with  the 
trots  It  time  to  or  from  the  center  of  the  sample. 
Propagation  of  rod  waves  Is  dlspscslva  [7,8],  so  ws 


must  correct  the  measured  a  train  histories  for  dis¬ 
persion  in  addition  lo  shifting  them  In  time.  A 
method  has  been  dltcclbed  bv  Follansheo  nnd  Frans 
[9]  which  l*  very  easy  to  Implement  In  a  numerical 
data  reduction  code.  They  have  approximated  the 
dispersion  relation  tor  maraglng  steel,  which  Is 
derived  In  terms  of  Bessel  functions,  ss  a 
polynomial t 
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1  A  1  X 

where  r  Is  the  r-nJIus  of  the  her  and  X  Is  ths 
wavelength.  '.n  out  standard  data  reduction,  we 
make  this  correction  by  transforming  the  measured 
pulses  to  the  frequency  domain,  applying  the 
desired  phase  shift,  ei.d  Inverting  the  transform. 
This  procedure  also  cemovea  ths  high  frequencies  la 
the  data  which  ere  moitly  digitising  noise. 


SOILS  AS  SAMPLES 


Solis  frequently  exhibit  ona  or  more 
properties  that  make  them  difficult  materials  for 
Hopklnson  tar  testing.  They  often  have  so  little 
strength  that  even  putting  them  Into  the  tars  Is 
not  trivial.  Soils  with  substantial  fraction  of 
alr-flllert  void  volume  have  vary  low  wave  speeds 
and  very  high  rates  of  attenuation;  these 
properties  limit  the  enmpie  thickness  and/or  com¬ 
plicate  the  data  analysis.  And,  of  course,  the 
usual  difficulties  of  getting  samples  that  are 
characteristic  of  _t_u  situ  behavior  to  the 
laboratory  apply  to  Hopklnson"  tar  tests  as  to  most 
other  laboratory  teetr  of  soil  samples. 

Except  for  very  cohesive,  clayey  soils  or 
soils  that  are  very  well-indurated.  It  Is  uanolly 
necessary  to  provide  radial  support  to  s  soil 
sample  merely  to  keep  It  In  position  for  the  test. 
The  most  obvious  choice  of  support  Is  one  that  Is 
as  compliant  a*  possible  In  hopes  that  the  lack  of 
radial  confinement  of  the  standard  Hopklnson  bar 
twst  could  be  reproduced.  However,  when  one  con¬ 
siders  evan  the  flimsiest  of  slncves  they  still 
provide  e  redial  restraint  that  would  be  sig¬ 
nificant  relative  to  the  strength  of  most  soils. 
The  opposite  extreme  of  a  very  stiff  redial  support 
l*  easy  to  Implement  nnd  has  the  added  advantage  of 
providing  a  strain  path  that  can  be  eeelly  dupli¬ 
cated  at  both  higher  nnd  lower  strain  rate*-- 
uniaxial  attain.  This  strain  peth  also  facilitate* 
data  analysis,  us  wa  shall  see  below.  A  third  al¬ 
ternative  Is  to  provide  some  Intermediate  degree  of 
conflnmsnt;  however.  In  that  case  It  would  be 
necessary  to  detacmlna  the  radial  strain  and  atreaa 
histories  so  that  the  overall  strain  path  and 
stress  history  l*  known. 

For  tolls  with  several  percent  or  more  of  air- 
filled  porosity,  It  can  ta  shorn  that  radial  strain 
is  negligible  when  a  thick-wailed  metal  sleeve  Is 
used  to  confine  the  specimen.  Figure  2  shows  ths 
sample  holder  conf Igura tlcn  we  have  used  at  Los 
Alamos.  Ths  holder  Is  t  cylinder  of  bronse  or 
steel  with  in  axial  hole  just  slightly  larger  than 
the  diameter  of  the  tar.  The  sample  l*  compacted 
Into  a  disc  of  the  desired  thickness  at  the  center 
of  the  holder,  and  then  the  holder  Is  slipped  over 
ooe  bit  and  the  other  bsr  Is  moved  Into  the  free 
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•nd .  Tests  Mich  no  sample  have  shown  th»  t  Che 
sleeve  carries  sabs tuntlally  less  then  0,1  percent 
.if  the  pjlse  during  dynamic  loading.  The  rndlal 
expansion,  Ar ,  of  a  tube  of  modulus  E,  Poisson's 
ratio  0.3,  Inside  diameter  r,  outside  diameter  R 
end  radial  stress  P  Is  given  by 

Ar  _  P  (0.7-1.3R2/r2) 

r  E  (l-R2/r2) 

Por  our  sample  sleeves,  this  formula  gives  a  radial 

strain  of  1.6x10""  ^/Pa .  This  will  actually  be  an 
overestimate  because  the  Internal  load  Is  not  ap¬ 
plied  over  the  entire  length  of  the  cylinder.  The 
extreme  case  occurs  when  the  soil  has  no  shear 
strength  so  that  the  radial  stress  P  it  equal  to 
the  axial  stress  measured  by  the  bars.  Vor  our 
typical  soils,  axial  strains  of  10  percent  or  more 
are  attained  at  only  a  few  tuns  of  NPa  so  that  the 
radial  strain  Is  less  than  0.1  percent  cf  the  axial 
strain.  In  some  of  the  experiments  described  by 
Felice  e_t  al.  {5],  stresses  were  hundreds  of  IPs 
end  radial  strains  may  hive  been  as  high  as  a  few 
percent  of  axial. 

The  low  wave  speed  and  high  attenuation  In  dry 
soils  lead  to  another  sample  cons tra In t- - the t  the 
sample  be  thin.  Because  we  ar*  deforming  the  soils 
In  uniaxial  strain  we  do  aot  have  to  worry  about 
friction  effects  at  the  ends  of  the  bars  or  radial 
inertia  as  were  considered  In  detail  by  Davies  and 
Hunter  [2].  The  Low  navi  speed  limits  sample 
length  in  two  ways.  First,  thick  samples  will 
never  reach  equilibrium  because  of  the  low  wave 
speed;  the  Hopklnson  bar  test  will  then  be  a  wavs 
propagation  experiment  rather  than  a  homogeneous 
deformation  experiment.  Fortunately,  for  aulaxlal 
strain  we  can  still  derive  usefuL  Information  from 
such  a  test  (see  below).  The  aecond,  and  fre¬ 
quently  more  limiting,  result  of  low  wave  speed  la 
that  the  amplitude  of  the  stress  wavs  delivered  to 
the  Incident  har/aample  Interface  will  be  very  low. 
If  the  amplitude  of  the  Incident  wave  In  the  bar  is 
PQ  and  the  Impedance  of  the  bar  and  soil  are  p^D^ 

sad  p  D  ,  respectively,  the  stress  of  the  first 

wave  through  the  aoll  will  be  approximately 
P-2PoP^08/p^Dj}.  For  our  <dcy  alluvium  [S],  we  find 

P»0.02P  •  Subsequent  reflections  between  the  bar* 

increase  the  amplitude,  but  very  many  reflections 
would  be  needed  before  P  approached  even  half  of 

V 

The  high  attenuation  rate  of  dr/  soils  also 
limit*  us  to  thin  samples.  The  stress  Incident  to 
the  sample,  which  Ls  already  low,  will  decay  as  It 
propagates  through  the  sample.  Thus  the  stress  sc 
the  sample/ transml  ttec  bar  Interface  will  be  vary 
low  and  subject  to  measurement  errors. 
Furthermore,  the  variability  of  all  these 
properties  makes  Lt  difficult  to  sot  measurement 
levels  so  as  to  precisely  measure  transmitter  bar 
signals. 

DATA  ANALYSIS  FOR  SOILS 

With  soils  as  specimens,  the  conditions  as¬ 
sumed  for  the  reduction  of  lets  from  the  Ideal 
spilt  Hopklnson  bar  experiment  may  not  be  met.  In 
particular,  the  wave  speeds  In  dry  soils  st  low 


stress  levels  (which  may  still  be  large  enough  to 
achieve  considerable  pore  collapse)  may  be  very 
low;  values  of  sbout  200  to  230  m/s  are  common.  As 
mentioned  above,  the  deformation  Is  very  nearly 
uniaxial  tf  the  sample  Is  confined  In  s  massive 
sleeve,  so  we  can  adopt  a  data  analysis  technique 
originally  developed  for  shock  wava  experiments 
which  also  produce  unlaxlal-straln  loading.  In 
that  case,  the  equations  of  motion  of  the  soil  can 
be  cast  Into  a  form  wherein  the  stress  Is  expressed 
in  terms  of  the  velocity  and  the  temporal  and  spa¬ 
tial  derivatives  of  velocity.  Seaman  [10]  has 
developed  a  method  which  uses  Lagranglan  measure¬ 
ments  of  stress  or  velocity  to  estimate  the 
temporal  and  spatial  derivatives  of  the  measured 
quantity.  This  method,  ceiled  Lagranglan  analysis, 
is  particularly  developed  for  analysis  of  uniaxial 
strain  waves  which  attenuate  as  they  propagate. 
Because  the  calculation  of  the  stress  at  the  Incid¬ 
ent  interface  of  the  sample  Involves  subtraction  of 
two  large  numbers,  batter  accuracy  can  be  obtained 
by  analysing  the  velocity  at  both  sides  of  the 
sample  than  could  be  obtained  with  stress  data. 
The  velocity  calculated  in  the  standard  analysis 
for  the  Incident  Interface  Is  Lagranglan,  but  that 
for  the  other  Interface  la  definitely  not. 
Nevertheless,  we  can  estimate  the  Lagranglan  wava 
amplitudes  from  the  measured  ones  tf  we  can  deter¬ 
mine  the  reflection  properties  at  this  Interface. 

Consider  the  experiment  In  pressure-particle 
velocity  space  as  illustrated  In  Figure  3.  If  the 
Impedance  of  the  wave  reflected  back  Into  the 
sample  it  the  transmitted  interface  is  equal  to 
that  cf  the  wave  Incident  on  thst  Interface,  the 

ratio  of  the  Lagranglan  psrtlcle  velocity,  u  ,  to 

L* 

the  measured  particle  velocity,  u^,  can  be  calcu¬ 
lated  from  the  geometric  relations:  (u./u  )  » 

L  Jl 

(PbDb^2*,8t>^^*1'^2,  where  p  Is  density,  D  Is  wave 

speed,  and  subscripts  b  end  s  refer  to  the  bar  and 
the  soil,  respectively.  As  a  check,  we  can  also 
note  that  the  pressures  are  related  by  (P./P  )  - 

( p#DJ(/2pj(Djj)  +  l/2 .  If,  on  the  other  hand,  the  Im- 

pedence  of  the  reflected  wave  Is  n  times  that  of 
the  Incident  wave  (aa  Illustrated,  for  example,  by 
the  dashed  lines  la  Figure  3),  we  find  that  the 
ratios  are  (u^/u^)  -  (pbDb/ 'n+1) pgCs)-rti/(n'H)  and 

(P^/P^)  “  (npsDa/{nfl}ptjOb)+l/(n+l).  It  is  usually 

possible  to  determine  the  velocity  of  the  first 
loading  wave  end  the  first  reflection  from  the 
Hopklnson  bar  data;  wa  have  occaas tonally  detected 
the  second  arrival  at.  the  transmitter  bar. 

The  technique  outlined  In  the  preceding 
paragraph  will  work  well  as  long  at  the  crush  curve 
of  the  soil  Is  fairly  smooth  and  the  two  waves  ate 
both  compressive.  However,  la  two  situations  of 
Interest  the  procedure  will  break  down.  First,  if 
the  ccush  curve  of  the  soil  is  not  smooth,  the 
reflection  coefficient  will  not  be  nearly  constant, 
end  a  simple  multiplicative  factor  will  n't 
represent  the  true  variability  of  the  Lagranglan 
wave  form.  This  might  occur  if  the  soil  has  a  very 
sharply  defined  ylsld  point  or  If  all  of  the  gas- 
filled  porosity  Is  crushed  out.  In  the  former  case 
the  reflection  coefficient  may  decrease  dramati¬ 
cally  as  the  ylsld  point  is  exceeded,  whereas  In 
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the  other  case  It  im y  Increase  sharply.  Second ,  if 
the  Incident  <ue  has  a  rarefaction  phase!  this 
..III  likely  have  a  substantially  higher  Impedance 
than  the  compression  which  would  occur  upon  Its 
reflection  free  the  transmitter  bar.  The  result 
would  be  a  very  complicated  geometric  conf Iguratlon 
In  the  pcassure-partlcle  velocity  pla.te.  llthoush 
t  scheme  comparable  to  the  one  described  above 
could  pcobably  be  developed,  this  has  not  been  done 
to  late.  Consequently,  we  present  data  below  only 
for  the  Initial  loading  portion  of  the  experiment. 

To  Illustrate  this  ae  thud ,  consider  the  data 
from  four  experiments  on  a  vsry  dry  (ohout  1  per¬ 
cent  wat.-;r  by  dry  weight)  desert  alluvium  from  Luke 
Air  Force  Base,  AZ,  shown  in  Figure  4.  The  Incid¬ 
ent  wave  amplitudes  ace  all  within  2  percent  of  the 
same  valje;  two  of  the  experiments  use.1  a  sample  25 
mm  thick  (22  and  24)  and  the  other  two  used  a  12  mm 
sample.  The  data  taken  from  experiments  21,  23  and 
24  show  that  reflections  from  the  transmitter  bar 
interface  trxvsl  about  1.6  times  faster  (Lagrsaglan 
wavs  speed)  than  the  wave  Incident  on  that  hat 
through  toe  sample  so  we  have  used  o-*l.6  in  our 
datt  reduction.  There  are  two  ways  In  which  the 
da  ts  from  the  four  experiments  could  be  grouped  for 
Lagnnglm  analysis;  we  could  eLther  analyse  each 
experiment  separately  or  we  could  analyse  both  ex¬ 
periments  with  the  same  projectile  as  a  unit.  We 
have  adopted  the  latter  approach,  using  the  Incid¬ 
ent  Interface  velocity  as  the  flr9t  gauge,  the 
t r s us m l t  ted  Interface  velocity  from  the  13  s« 
sample  is  the  second  gauge  and  the  transmit t ted 
velocity  from  the  companion  25  am  experiment  as  the 
thirl  gauge.  The  amplitude  of  the  second  trans¬ 
mitted  velocity  record  was  scaled  up  oc  down  by  the 
amount  necessary  to  bring  the  Incident  signal  of 
the  second  experiment  into  coincidence  with  that  of 
the  first. 

The  results  of  the  Lagrnnglna  analysis  of  the 
Initial  loading  portions  only  of  the  four  experi¬ 
ments  are  shown  In  Figures  5  and  6.  As  can  be  seen 
from  Figure  5,  the  strain  rates  actually  ex¬ 
perienced  are  1330  to  5000  sec  about  twice  as 
great  .is  those  determined  from  the  standard 
analysis.  This  Is  because  the  deformation  lj  not 
d  l  f tribute  l  uniformly  through  the  sample  durleg  the 
si vj  propagation  portion  of  the  experiment  (which 
l<  r  iprni  ante  l  by  the  Initial  loading).  The  dif¬ 
ferences  between  the  loading  paths  fit  the  two 
experiments  (Figure  6)  are  probably  not 
s  l.gnl  f  leant. 

Figure  7  -emparas  the  stress-strain  paths  for 
the  Hopklnson  bit  sxperlmsntn  wltn  Oh  iso  from  gas 
gun  experiments  and  a  quaslstatlc  uniaxial  strain 
teat  oa  the  same  .material.  The  strain  rates  for 

the  gas  gun  testa  ata  In  the  mage  of  10,000  sue"* 
to  30,000  sue  *  is  compared  with  1300  sec"*  to  5000 

sac  *  for  the  Hopklnson  bar.  Thera  Is  apparently  a 
conol  lersbls  offset  on  tbs  loading  modulus  whin  the 

strain  rate  Is  Increased  from  5003  sec  *  to  13,000 

lie  .  The  gas  gun  data  warn  for  continuous  com¬ 
pression  over  several  microseconds,  not  for 
d  l  •.  con  1 1  mous  shuck  waves;  the  gas  gun  strrsa- 
striln  paths  urs,  therefore,  true  loidlag  paths  end 
ant  Just  Rayleigh  lines  connecting  some  Initial  and 
flail  stc.te*.  The  s  trsss-s  tr  1 1  n  path  for  loading 
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in  the  quaatstatlc  test  (e“5xl0  sec  ,  2.3  percent 
water)  is  Indistinguishable  from  those  of  the 
Hopklnson  bar  loading  over  ilmost  all  of  the  mage 
of  the  data  and  coincide  with  the  unload  lag  data 
from  the  gas  gun  tests.  We  conclude,  therefore, 
that  the  onset  of  strain-rate  effects  Is  rather 
sudden,  affecting  the  loading  path  (bet  not  the 
strain  at  peek  stress)  for  strain  rates  above  5000 

sec"*.  We  also  note  that  the  dynamic  unloading 
path  is  considerably  less  stiff  than  the  qoasls- 
tutlc  unloading  Indicating  that  the  strain-rate 
effect  Is  also  preseat  on  unloading  for  strain 

rates  as  low  as  2000  sec  *.  Our  present  Inability 
to  ceduce  data  for  the  unloading  portion  of  the 
Hopklnson  bar  test  prevents  us  fcom  locating  more 
precisely  the  lower  limit  strain  rate  for  which 
striln-rate  effects  are  Important  on  unloading. 

ALTBKNATIVli  MKASIJREiKN TS 

In  addition  to  the  above  techniques  which  we 
hava  used  to  obtain  valid  data  from  Hopklnson  bar 
experiment!  in  soils,  thece  are  several  other  tech¬ 
niques  which  might  be  applied,  but  have  not  yet 
been  (to  our  knowledge).  These  Include  Lagranglan 
measurements  within  the  sample,  use  of  stress 
gauges  at  the  Interfaces  between  the  bars  and  the 
sample,  and  alternative  methods  of  support. 

W*  hive  conducted  a  few  experiments  with 
stress  gauges  embedded  In  a  Hopklnson  bar  specimen. 
These  experiments  bars  Included  carbon  foil*  In  a 
thick  stuck  of  electrolytic  grade  mica  (muscovite) 
end  strain  gauges  potted  Into  a  cylinder  of 
polymeric  material.  Both  types  of  experiment 
yielded  good  data,  but,  is  of  this  writing, 
analysis  of  these  experiments  Is  not  complete. 
Furthermore,  neither  of  these  types  of  gauges  could 
be  used  In  soli  with  our  currant  massive  contain¬ 
ment  method. 

Quart*  stress  gauges  have  been  used  between 
the  epeclmen  and  the  bar  to  measure  directly  the 
etrass  at  the  sample /bar  Interfaces  In  Hopklnson 
bir  teats  of  foam  materials  14).  These  foams 
present  problers  of  low  wsvs  speed  and  high  it- 
tc-..  nation  co  sparable  to  those  encountered  In  dry 
soils  but  do  not  have  the  added  complication  of 
lack  of  shear  strength.  As  with  the  truly 
Lsgtsnglnn  measurements  of  the  preceding  paragraph. 
It  would  be  very  difficult  to  combine  this  approach 
with  the  missive  contatuma.it. 

Ways  can  certainly  be  found  to  pcovlde  suffi¬ 
cient  radial  support  to  keep  the  sample  In  place 
for  the  dynamic  load  without  resorting  to  massive 
c  on  tv.  lament.  As  mentioned  in  a  previous  section, 
confinement  par  ju  does  not  Invalidate  the 
Hopklnson  bar  test.  if  the  radial  stress  and 
strain  can  be  measured.  It  would  bt  possible  to 
derive  stre  -  s-stnln  relations  for  strain  paths  In¬ 
termediate  between  uniaxial  stress  and  uniaxial 
strain.  Such  Information  would  bs  very  valuable  In 
deriving  constitutive  monels  for  general  deforma¬ 
tion  paths.  Thera  are  several  possible  ways  to 
approach  this  problem,  and  w*  are  pursuing  some  of 
them.  Hslnxstlon  of  our  urrent  xiiitra  contain¬ 
ment  conditions  will  also  facilitate  the  use 
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of  Lagranglan  gauges  which  we  have  shown  In  the 
previous  section  will  permit  the  use  of  very  power* 
ful  analytic  tools. 
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MOMENTUM  TRAP 


Figure  1.  Schematic  drawing  of  split  Hopklnson  bar 
appara  tua. 
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Figure  3.  Pressure-particle  velocity  plot  of  split 
Hopklnson  bar  exparlnent  showing  rotations  used  in 
converting  transmitter  bar  data  to  frss-flsld 
Lagranglan  squlvalant.  Sss  text  for  discussion. 


Fliure  2.  Sample  containment  scheme  used  to  conduct 
:il.ax Is  1  strain  tests  of  soils  In  ths  split 
Hopklnson  bar. 
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ABSTRACT 

Impulse  radar  can  help  locate  and  determine 
the  extent  of  Internal  damage  or  cracking  In 
structures.  Radar  data  can  be  Interpreted  for 
damage  such  as  broken  rebar,  cracks  In  concrete  or 
delamlnatlon,  and  the  presence  and  size  of 
voids.  Radar  systems  are  useful  for  location  of 
burled  structures,  and  for  accurate  measurement  of 
depth  to  sewers,  tunnels,  and  plastic  pipe. 

A  project  at  OSU  evaluated  capabilities  of 
radar  for  detection  of  objects  burled  In  soils 
[17].  Radar  data  were  used  to  discriminate  soil 
features  such  as  clayey  and  rocky  layers,  and  to 
precisely  measure  depth  to  targets  Including  air 
filled  voids  and  steel  pipe.  Targets  burled  In  a 
meter  of  wet,  silty  soil  were  measured  with  a 
precision  of  plus  or  minus  1.2  cm. 

Analysis  of  literature  and  results  of  our 
projects  Indicate  radar  can  locate  cracks  and 
voids  In  materials  above  and  below  ground,  and 
radar  Is  potentially  valuable  for  measurement  of 
damage. 


INTRODUCTION 

Evaluation  of  Internal  damage  Is  difficult 
because  It  is  often  hidden  by  materials.  For 
concrete.  Internal  damage  can  be  examined  by 
serial  sectioning  or  coring.  This  alters  the 
Integrity  of  the  structure,  and  makes  It  difficult 
to  evaluate  effects  of  multiple  damage.  Hence, 
methods  for  nondestructive  evaluation  (NOE)  are 
necessary  for  determinations  of  Internal  damage. 

Impulse  radar  Is  a  promising  technique  for 
nondestructive  evaluations.  These  systems  differ 
from  conventional  aircraft  radar  In  several 
ways.  The  Impulse  radars  are  operated  near  or  on 
the  ground,  and  are  used  to  evaluate  features  or 
structures  near  the  unit,  A  relatively  short 
nanosecond  pulse  wltn  frequency  between  10  and 
1000  MHz  Is  used  to  obtain  good  penotratlon  and 
resolution  of  Internal  features.  The  returned 
radar  wave  Is  altered  by  varying  conditions  of 
materials  and  produces  a  signal  which  can  be 
interpreted  for  anomolous  structures  or  damage. 

Radar  has  proven  useful  for  applications 
requiring  measurement  of  Internal  conditions  of 
structures  and  ground  probing  of  burled  structures 


and  objects.  Radar  applications  Include  detection 
of  cracks  and  voids  In  concrete  pavements  [3,  10, 
4]  and  airport  runways  [1],  Radar  has  also  proven 
valuable  for  locating  underground  voids  such  as 
mine  shafts  and  sinkholes  [5,  13],  mapping  the 
position  rock  fractures  [11,  5],  determination  of 
the  positions  of  drums  In  hazardous  waste  sites 
[7,  15],  detection  of  soil  features  [12,  17],  and 
location  of  burled  plastic  and  concrete  pipe  have 
been  determined  [6,  2]. 

Laboratory  and  field  tests  have  demonstrated 
the  capability  of  radar  and  other  NDE  Instruments 
for  detection  of  structural  damage  [14,  8,  9]. 
These  studies  compared  the  capabilities  of  radar 
to  other  devices  Including  chain  drag,  acoustics, 
electrochemical  methods,  and  thermal  Infrared 
sensors.  Evaluation  of  sensors  In  the  above 
proects  and  work  at  OSU  [6,  2,  17]  Indicate  radar 
capabilities  were  very  good  In  comparison  to  other 
sensors. 

The  capability  for  precise  and  accurate 
measurements  of  varying  conditions  of  materials 
makes  radar  a  potentially  valuable  NDE  method  for 
determinations  of  Internal  damage.  Radar  *ata  can 
be  used  for  classifying  cracks  and  voids  Into 
damage  classes  and  for  determining  serviceable 
concrete  structures  and  damaged  ones. 

Radar  and  other  NDE  techniques  are  useful 
components  of  a  multiple-test  approach  for 
determination  of  Internal  damage  In  structures 
[9].  The  multiple-test  approach  Includes  visual 
Inspection,  selective  sectioning  of  the  damaged 
structure,  and  an  electromagnetic  technique  such 
as  radar. 


BACKGROUND 

Radar  responds  to  ' nhomogenel ty  of  the 
materials  In  the  crack.  Cracks  are  apparent  as 
radar  return  altered  from  the  normal  resoonse  by 
differences  In  dielectric  properties  of  air  or 
water  In  the  crack.  Concrete  has  an  approximate 
dielectric  constant  o'  6,  water  Is  81,  and  air  Is 
1,  Tt»e  difference  between  the  materials  affects 
the  radar  signal  returned  from  the  material  with 
cracks.  The  resulting  altered  signal  can  be 
Interpreted  for  the  location  and  size  of  damaged 
areas. 
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The  radar  signal  also  responds  to  reflection 
of  radiation  at  the  crack  Interfaces.  Ray 
analysis  can  explain  part  of  the  signal  returned 
to  the  radar.  Both  dielectric  constant  and  radar 
reflection  characteristics  may  be  used  to  detect 
fractures. 

Impulse  radar  systems  operate  In  the  time 
domain  ^nd  distances  to  internal  features  are 
calculated  from  the  time  of  return  of  signals. 
The  time  history  of  radar  returns  is  displayed  as 
a  wave  with  varying  amplitude,  whose  peak  height 
is  associated  with  the  strength  of  signal 
returned.  The  characteristics  of  the  signal 
amplitude  and  position  of  peaks  are  used  to  locate 
cracks. 

The  results  of  lab  tests  have  shown  that 
radar  can  measure  the  separation  between  concrete 
slabs  at  small  increments  from  0.0  to  30.0cm 
[1].  For  separations  of  0.0  to  7.5  cm  between  two 
similar  materials,  the  change  in  amplitude  of 
radar  signal  is  proportional  to  the  change  in 
space  between  slabs.  As  the  space  Increases  In 
Increments  to  15.0  cm,  the  peak  Increases 
primarily  in  width.  For  spaces  greater  than 
15.0  cm,  the  radar  signal  splits  Into  two 
separate  waveforms,  thereby  resolving  the 
reflection  from  upper  and  lower  boundaries  of  the 
crack.  These  signal  characteristics  allow 
location  and  identification  of  crack  sizes  or  size 
classes. 

THE  EXPERIMENT 

This  study  determined  some  capabilities  and 
precision  of  radar  for  evaluation  of  mineral  soils 
with  numerous  coarse  fragments  {soil  1)  and  soils 
derived  from  till  and  loess  (soil  2).  Careful 
determination  of  precision  was  necessary  to  ensure 
proper  Interpretations  and  to  facilitate 
measurements  of  depth  to  subsurface  features  from 
radar  traces.  This  study  was  part  of  a  larger 
project  to  evaluate  radar  In  the  variable  soil 
conditions  common  to  glaciated  and  unglaciated 
regions  of  Ohio. 

The  impulse  radar  system  has  been  described 
[12,  17].  For  this  project,  the  Geophysical 
Survey  Systems  radar  (Hudson,  NH)  and  ARS  operator 
(J.  Doolittle)  were  moved  to  Ohio  and  the  system 
was  operated  as  described. 

Radar  scans  were  made  on  undisturbed  soil 
next  to  the  face  of  a  pit  1.5m  deep.  Markers  were 
placed  at  different  levels  In  the  pit  to  calibrate 
radar  measurements  of  depth.  A  4.5  cm  diameter 
bucket  auger  was  used  to  bore  horizontal  holes  at 
selected  depths  in  the  face  of  pits.  Radar  scans 
were  repeated  with  the  steel  auger  In  each  hole. 
Two  depths  (60.9  cm,  101.6  cm)  were  tested  In  soil 
1  at  the  Coshocton  site  and  In  a  pit  of  soil  2  at 
the  Wooster  site  (50.8,  101.6  cm). 

RESULTS  AND  DISCUSSION 

The  precision  of  the  radar  system  was  very 
good  as  judged  by  depth  measurements.  For  soil  1, 
the  radar  measured  depths  were  60.9  cm  and  60.8  cm 


as  determined  from  two  different  scans  of  the 
pit.  The  actual  depth  of  the  marker  was  61.0 
cm.  The  difference  in  measurements  was  0.3%.  For 
the  second  calibration  the  radar  depth 
measurements  were  101.7  cm  and  101.6  cm.  They 
compared  well  with  actual  depth  of  101.6  cm 
measured  In  the  pit. 

Radar  traces  from  the  Wooster  pit  (soil  2) 
indicated  a  similar  capability  for  measuring 
depth.  The  first  calibration  depth  was  measured 
from  the  radar  trace  and  calculated  to  be  48.0  cm, 
compared  to  the  actual  depth  of  50.8  cm.  The 
second  calibration  depth  was  measured  and 
calculated  to  be  100.5  cm,  as  compared  to  the 
actual  value  101.6  cm.  The  values  for  both  soil  1 
and  2  varied  no  more  than  5.0%  from  the  actual 
depth.  The  radar  system  was  generally  precise  to 
plus  or  minus  1.2  cm  in  the  silt  or  clay  loam 
soils  evaluated  in  the  study. 

CONCLUSIONS 

Impulse  radar  systems  can  be  used  to  measure 
depth  of  subsurface  features  jn^  situ  with  good 
precision  under  suitable  soil  conditions.  For 
soils  tested,  the  precision  of  measuring  depth  to 
a  metal  auger  or  air  void  was  within  5%  of  the 
absolute  measurement  value,  or  within  plus  or 
minus  1.2  cm  of  a  given  depth  measurement. 
Results  of  this  experiment  are  representative  of 
the  capabilities  of  radar  for  subsurface 
measurements. 

Radar  has  potential  as  a  nondestructive 
evaluation  technology  for  assessment  of  damage  to 
structures.  Impulse  radar  systems  can  help  to 
locate  damage  and  assist  prioritization  of  areas 
for  further  detailed  examination. 


FUTURE  WORK 

The  experiment  illustrated  some  of  the 
precision  of  radar  systems.  These  capabilities 
have  been  used  with  good  success  in  studies 
mentioned  here.  Our  work  is  directed  to  greater 
applications  of  radar  for  evaluation  of  damage  in 
materials.  We  are  currently  developing  a  program 
of  research  in  that  area. 

The  program  of  research  Involves  testing  of 
materials  and  enhancement  of  radar  scans  to 
improve  interpretation  and  measurement  of  internal 
features.  This  involves  use  of  signal  and  image 
processing  technologies  developed  at  Ohio  State 
[2,  16,  17]  to  enhance  signals,  reduce  artifacts, 
and  present  data  as  profiles  or  map-like  products 
(Fig.  1). 
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ABSTRACT 

The  effect  of  stress  state  on  the  nonlinear 
shear  modulus  of  the  soil  skeleton  was  examined  for 
a  dry  sand.  Testing  was  performed  using  a  resonant 
column  device  with  which  Isotropic  and  biaxial 
states  of  stress  can  be  applied.  Both  solid  and  hol¬ 
low  specimens  were  used.  Testing  was  performed  over 
a  range  In  shearing  strains  from  0.0005  to  0.2  per¬ 
cent  and  over  a  range  In  major  principal  stresses 
from  3  to  48  psl.  This  work  was  performed  to  deter¬ 
mine  If  the  behavior  found  In  the  large-scale  trlax- 
1  a  1  device  (described  In  a  companion  paper)  could  be 
duplicated  with  the  resonant  column.  These  tests 
confirmed  the  finding  from  the  large-scale  trlaxlal 
device  that  low-amplitude  shear  wave  velocity,  and 
hence  shear  modulus,  depends  about  equally  on  the 
principal  stresses  In  the  directions  of  wave  propa¬ 
gation  and  particle  motion.  Additionally,  the  tests 
show  that  the  resonant  column  can  be  employed  to 
study  the  effects  of  stress  state  and  strain  ampli¬ 
tude  on  shear  modulus  and  material  damping. 


INTRODUCTION 

The  effect  of  stress  state  on  the  low-amplitude 
stiffness  In  shear  and  compression  of  the  soli  skel¬ 
eton  has  recently  been  studied  with  the  large-scale 
trlaxlal  device.  These  tests  resulted  In  the  new 
finding  that,  when  low-amplitude  body  waves  are  pro¬ 
pagated  along  principal  stress  directions,  only 
stresses  In  the  directions  of  wave  propagation  and 
particle  motion  affect  the  waves.  Wave  velocities 
are  essentially  unaffected  by  principal  stresses 
perpendicular  to  these  directions.  Unfortunately, 
only  small  strains  could  be  generated  In  the  sand 
specimens  In  the  large-scale  trlaxlal  device. 
Therefore,  a  torsional  resonant  column  has  been 
developed  with  which  larger  strains  can  be  gener¬ 
ated.  In  addition,  the  effects  of  stress  state  and 
strain  amplitude  on  material  damping  can  simultane¬ 
ously  be  studied.  Results  from  Initial  tests  with 
this  equipment  are  presented  herein. 

RESONANT  COLUMN 

Resonant  column  equipment  used  In  this  research 
Is  of  the  fixed-free  type.  In  this  configuration, 
the  bottom  of  the  soil  specimen  Is  rigidly  fixed  to 
the  base  while  the  top  (free  end)  Is  connected  to  a 
drive  system  that  Is  used  to  vibrate  the  specimen  In 
torsional  motion.  The  soil  specimens  have  the  shape 
of  a  right  circular  cylinder  and  may  be  solid  or  hol¬ 


low.  The  basic  operational  principal  Is  to  excite 
the  cylindrical  specimen  In  first-mode  torsional 
motion.  Once  first  mode  Is  established, measurements 
are  made  of  the  resonant  frequency,  amplitude  of 
vibration  and  free-vlbratlon-decay  curve.  These 
measurements  are  then  combined  with  equipment  char¬ 
acteristics  and  specimen  size  to  calculate  shear 
wave  velocity,  shear  modulus  and  shearing  strain 
amplitude  using  elastic  theory  [Reference  1].  Mate¬ 
rial  damping  ratio  Is  calcuated  from  measurement  of 
the  free-vlbratlon-decay  curve. 

Fixed-free  resonant  column  devices  have  bean 
used  at  The  University  of  Texas  at  Austin  for  over  a 
decade.  Each  device  consists  of  a  confining  pres¬ 
sure  system,  height-change  measurement  system,  drive 
system,  and  response  measurement  system.  However, 
several  modifications  were  made  for  this  project. 
First,  a  computer  was  added  to  the  system  so  that, 
data  collection  and  reduction  was  completely  auto¬ 
mated.  Second,  the  top  cap  and  base  pedestal  of  the 
resonant  column  were  modified  to  permit  the  soil 
specimen  to  be  loaded  Isotropically  or  anlsotropl- 
cally.  Anisotropic  loading  was  accomplished  by  add¬ 
ing  an  additional  vertical  load  to  an  Isotropically 
confined  specimen  through  a  thin  central  steel  wire. 
Figure  1  shows  the  anisotropic  mechanism  axially 
loading  a  hollow  specimen.  The  central  wire  was 
used  so  that  boundary  conditions  Independent  of 
stress  state  remained  essentially  unchanged.  The 
performance  of  the  thin  wire  was  verified  by  a 
series  of  analytical  and  experimental  tests  [Refer¬ 
ence  2]. 

DATA  REDUCTION 

Calculation  of  shear  wave  velocity  and  shear 
modulus  In  the  resonant  column  Is  based  upon  the 
theory  of  elasticity.  By  using  the  wave  equation, 
the  basic  data-reductlon  equation  can  be  expressed 
as  [Reference  I]: 

I/IQ  =  («1/VS)  tan  (wl/Vs)  (1) 

where 

I  =  mass  moment  of  Inertia  of  soil  specimen, 

I.  =  mass  moment  of  Inertia  of  drive  plate, 

«  =  resonant  circular  frequency, 

1  =  length  of  the  specimen,  and 

V,  =  shear  wave  velocity. 

Once  the  value  of  shear  wave  velocity  is  determined 
from  Eq.  1,  shear  modulus,  G,  Is  calculated  from: 

G  =  p  x  Vs*  (?) 
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where 

p  =  mass  density  of  the  soil . 

By  assuming  a  viscous  material,  material  damp¬ 
ing  in  shear  is  calculated  from  a  decay  of  free 
vibrations.  Because  of  space  limitations,  damping 
calculations  and  measurements  are  not  presented. 


Values  of  shearing  strain,  X,  are  presented  as 
single-amplitude  values.  For  solid  specimens,  X  was 
calculated  at  0.67  times  the  radius  of  the  specimen. 
For  hollow  specimens,  X  was  calculated  at  the  aver¬ 
age  of  the  inside  and  outside  radii. 


Brass  Cylinder  to 
Hold  Central  Wire 


Outer  Membrane  — j 
Inner  Membrane  — I 
Thin  Central 
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(Diam.  =  0.062  in.) 


Drainage  Ports 
0-Ring  Seal 
Base  Pedestal 


Top  Cap 
0-Ring  Seals 
Top  Inner  Plug 


Hollow 

Specimen 


Base  Inner  Plug 


Inner  Pressure  Port 


Axial  Load 


Fig.  1  -  Anisotropically  Loaded 
Hollow  Soil  Specimen. 


specimens.  The  inside  diameter  of  the  hollow  speci¬ 
mens  was  controlled  by  the  inner  mold  which  was  cov¬ 
ered  by  an  inner  membrane  during  construction.  The 
inner  split  mold  has  a  small  gap  which  allows  the 
mold  to  collapse  slightly  upon  withdrawal  so  that 
any  friction  between  the  inner  split  mold  and  inner 
membrane  is  nearly  eliminated  when  it  is  pulled  from 
the  specimen. 

Both  types  of  specimens  were  constructed  layer 
by  layer  with  the  "undercompaction"  method  described 
in  Reference  3.  Specimen  information  is  included  in 
Table  1.  The  average  void  ratio  of  all  specimens  is 
about  0.69  with  a  standard  deviation  of  0.01. 


Table  1  -  Summary  of  Specimens 


Specimen 

Specimen 

Dry  unit  weight, 

Void  rati 

No. 

type 

V  Pcf  ~ 

e 

SI 

solid 

98.7 

0.69 

S2 

solid 

98.4 

0.69 

S3 

solid 

99.8 

0.67 

HI 

hollow 

98.4 

0.69 

H2 

hollow 

98.0 

0.70 

H3 

hollow 

98.2 

0.69 

H4 

hollow 

99.7 

0.68 

H5 

hollow 

99.0 

0.68 

H6 

hollow 

98.3 

0.70 

STRESS  NOTATION 

The  confining  stresses  applied  on  an  element  of 
soil  during  resonant  column  testing  with  anisotropic 
loading  are  shown  In  Fig.  2.  The  major  principal 
effective  stress,  Fi,  is  applied  In  the  vertical 
direction.  This  is  also  the  direction  of  wave  prop¬ 
agation  which  is  denoted  as  oa.  The  effective 
Intermediate  and  minor  principal  stresses,  op  and 
Fj,  are  equal  and  are  applied  in  the  lateral 
directions,  circumferential  and  radial.  Particle 
motion  occurs  In  the  circumferential  direction  and 
the  stress  in  this  direction  is  denoted  as  o^.  The 
stress  in  the  third  direction,  the  radial  direction, 
is  called  the  out-of-plane  stress  and  is  denoted  as 


TEST  PROCEDURE 


SOIL  SPECIMENS 

The  soil  used  in  this  research  is  air-dried 
sand  which  was  also  used  in  the  study  with  the 
large-scale  triaxial  device.  The  sand  is  a  medium 
to  fine,  washed  mortar  sand  with  a  specific  gravity 
of  2.67.  The  sand  classifies  as  SP  in  the  Unified 
Soil  Classification  System.  Based  on  the  average  of 
five  grain  size  analyses,  the  sand  has  an  effective 
grain  size,  Dig.  of  0.28  mm  and  a  uniformity  coeffi¬ 
cient,  Cy,  of  1.71. 

Two  types  of  sand  specimens  were  used.  The 
first  was  a  hollow  specimen  with  nominal  dimensions 
of:  1 . 43-1 n .  inside  diameter,  2.5-1n.  outside  diam¬ 
eter  and  5.6-in.  height.  The  second  type  was  a  solid 
specimen  with  nominal  dimensions  of:  2.0-1n.  diam¬ 
eter  and  4.0-1n.  height.  An  outer  split  mold  was 
used  to  build  the  solid  specimens.  Two  split  molds, 
inner  and  outer,  were  required  to  build  the  hollow 


Stage  testing  was  employed  in  all  low-amplitude 
testing.  Low-amplitude  tests  are  defined  as  those 
tests  in  which  shearing  strains  did  not  exceed  0.001 
percent.  Each  low-amplitude  test  series  was  com¬ 
posed  of  three  major  stages  on  a  loading  pressure 
sequence.  Shear  modulus  and  material  damping  ratio 
were  evaluated  at  each  pressure.  The  first  stage 
Involved  isotropically  loading  the  specimen  at  3,  6 
and  then  12  psi .  The  second  stage  Involved  increas¬ 
ing  oa  while  holding  cT^  constant.  This  was  accom¬ 
plished  by  increasing  the  load  applied  by  the 
central  wire  while  simultaneously  keeping  the  lat¬ 
eral  pressure  constant.  Vertical  stresses  of  14,  18 
and  then  26  psi  were  typically  used.  The  third  and 
final  stage  Involved  increasing  while  holding 
constant.  Lateral  stresses  of  14,  18  and  26  psi  were 
used.  Stages  2  and  3  represent  anisotropic  loading 
of  the  specimen. 
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a  :  Effective  principal  stress  In  direction  of  wave 
_  propagation 

ou :  Effective  principal  stress  In  direction  of 
particle  motion 

a  :  Effective  principal  stress  In  out-of-plane 
direction  (the  direction  perpendicular  to 
°a  an<*  ab  directions) 

Fig.  2  -  Principal  Stress  Directions  and  Associated 
Wave  Movements. 

After  this  first  cycle  of  stage  loading  was 
completed,  some  specimens  were  loaded  Isotropically 
up  to  48  ps  1 .  Other  specimens  were  loaded  with 
another  anisotropic  stage  test  between  26  and  48 
psl .  After  testing  at  the  final  pressure  was  com¬ 
pleted,  all  specimens  were  Isotropically  unloaded  to 
12  and  3  psl  to  evaluate  any  effect  of  overconsol- 
idatlon. 

Hlgh-ampl Itude  tests  were  performed  after  all 
low-amplitude  testing  wa^  completed.  The  same  ani¬ 
sotropic  stage  loading  sequence  was  used  as  In  the 
low-amplitude  tests.  Both  hollow  and  solid  speci¬ 
mens  were  used.  However,  only  hollow  specimens  were 
used  in  the  high-amplitude  anisotropic  tests. 

LOW-AMPLITUDE  TESTS 

Low-amplitude  measurements  were  performed  at 
shearing  strains  on  the  order  of  0.0005  percent.  At 
these  strains,  the  shear  modulus  Is  essentially 
Independent  of  strain  amplitude  and  Is  commonly 
denoted  as  Gmax-  The  notation  of  Gmax  Is  used 
because  the  magnitude  of  modulus  decreases  at 
strains  above  about  0.001  percent,  and  therefore  the 
largest  value  of  modulus  Is  measured  at  small 
strains. 

The  variation  In  GM«  with  Isotropic  confine¬ 
ment  Is  shown  In  Fig.  3.  Tests  with  both  hoi  low  and 
solid  specimens  are  shown.  Shear  moduli  measured 
with  either  type  of  spec  1 me '  are  statistically  the 
same  within  the  bounds  of  experimental  scatter.  A 
linear  log  GMX  -  log  relationship  was  obtained 
from  a  least-squares  fit  and  Is  shown  as  thn  solid 


line  In  the  figure.  The  equation  of  the  straight 
line  can  be  expressed  as  [Reference  4]: 


max 


where 


S 

0.3  +  0.7e 


(3) 


S  =  material  stiffness  constant, 


Mean  Effective  Confining  Pressure,  tt0,  psi 


Fig.  3  -  Variation  In  Shear  Modulus  with 
Isotropic  Confining  Pressure. 

From  isotropic  tests,  It  is  not  possible  to 
Investigate  the  effect  on  Gmax  of  the  three  princi¬ 
pal  effective  stresses  Independently.  As  such,  ani¬ 
sotropic  tests  were  conducted  In  which  the  axial  and 
lateral  stresses  were  varied  separately.  However, 
only  biaxial  loading  was  performed  In  which  3^  and 
ob(=  oc)  were  varied  Independently.  [The  assumption 
was  made  that  G,^  was  unaffected  by  oc.]  Typical 
results  from  these  tests  are  shown  In  Mg.  4.  The 
variation  In  ^nax_w1th  stress  In  the  direction  of 
wave  propagation,  oa.  Is  shown  In  Fig.  4a.  The  log 
of  shear  modulus  Increases  linearly  with  the  log  of 
axial  stress,  with  the  slope,  na,  equal  to  0.22.  On 
the  other  hand,  the  relationship  between  G,,^  and 
the  stress  In  the  direction  of  particle  motion.  Ok, 
Is  shown  in  Fig.  4b.  The  re2at1onsh1p  between  tne 
log  of  shear  modulus  and  log  o.  Is  also  linear  with 
the  slope,  nb,  equal  to  0.23. 


A  summary  of  the  anisotropic  test  results  Is 
given  In  Table  2.  The  values  of  na  and  nb  were  cal¬ 
culated  by  the  least  squares  method.  As  shown  In  the 
table,  values  of  na  and  nb  are  not  significantly 
affected  by  stress  level,  and  little  scatter  Is  pre¬ 
sent.  This  scatter  probably  came  from  experimental 
scatter  and/or  multi-stage  loading  effects.  It  Is 
reasonable  to  conclude  that  na  and  nb  are  Independ¬ 
ent  of  stress  level.  By  taking  average  values  for 
all  stress  levels  employed,  na  equals  0.216  while  rib 
equals  0.226.  In  the  Isotropic  loading  case,  the 
average  value  of  n  equals  0.443.  Therefore,  the 
results  from  the  anisotropic  tests  correctly  predict 
the  behavior  under  Isotropic  loading;  that  Is,  na 
plus  nb  equals  n.  [The  assumption  Is  made  that  nc 


equals  zero  which  seems  reasonable  from  these 
results.]  This  Is  an  Important  finding  because  It 
allows  the  conclusion  to  be  made  that  shear  modulus 
Is  dominated  by  two  stress  components,  e.g.  oa  (the 
stress  In  the  direction  of  wave  propagation)  and  ob 
(the  stress  In  the  direction  of  particle  motion). 
This  finding  agrees  with  a  similar  conclusion  drawn 
from  tests  with  the  large-scale  trlaxlal  device  In  a 
companion  paper. 
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S  is  a  function  of  soil  type,  grain  size  character¬ 
istics  etc.  Typical  values  of  S  for  sands  and  silty 
sands  are  from  about  400  to  800.  In  these  tests,  S 
equals  721  for  the  anisotropic  tests  and  718  for  the 
Isotropic  tests.  The  stress  Index  factors,  na  and 
nb,  seem  to  vary  only  slightly  with  soil  type.  From 
these  tests,  average  values  are:  na  =  0.217,  and  nb 
~  0  228.  It  seems  reasonable  to  assume  that  na 
equals  nb,  and.  In  this  case,  the  value  Is  0.22. 
Therefore,  Eq.  4  could  be  written  as: 

(5) 


max 


0.3  +  0.7e 


—0.22  -0.22  p0.56 

o_  0.  r  _ 


The  relationship  between  shear  modulus  and 
(o  •Ok)0-22.  is  shown  in  Fig.  5.  It  is  well  defined 
by  a  straight  line  as  predicted  by  Eq.  5.  Also, 
moduli  measured  with  both  solid  and  hollow  specimens 
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Fig.  5  -  Relationship  between  Shear  Modulus 
and  Anisotropic  Stress  State. 


A  comparison  between  shear  moduli  measured  In 
this  study  and  moduli  measured  In  other  studies  Is 
shown  in  Fig.  6.  The  agreement  in  both  trends  and 
absolute  values  Is  good,  and,  when  comparisons  are 
made  with  other  researchers,  the  scatter  results 
mainly  from  variations  in  soil  type. 


Fig.  4  -  Variation  in  Shear  Modulus  Under 
Anisotropic  Loading. 


Table  2 

-  Summary  of  Anisotropic  Test  Results 

oa  (psi) 

«b  (psi) 

na 

nb 

Specimen  No. 

6  -  12 

6 

0.22 

— 

H5,  H6 

12 

6-12 

— 

0.23 

H5,  H6 

12  -  26 

12 

0.22 

— 

HI  -  H6 

26 

12  -  26 

— 

0.23 

HI  -  H6 

26  -  47 

26 

0.21 

— 

HI,  H3,  H4 

47 

26  -  47 

— 

0.22 

HI,  H3,  H4 

From 

these  results,  the 

empirical  equation 

recommended  by  Hardin  [Reference  4]  should  be  modi¬ 
fied  as: 


Mean  Effective  Confining  Pressure,  o0,  psi 


max 


0.3  +  0.7e 


_na  -nb  Dl-na-nb 
?°a  ab  Pa 


(4) 


Fig.  6  -  Comparison  of  Moduli  from  This 
and  Other  Studies. 
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HIGH-AMPLITUDE  TESTS 


High-amplitude  measurements  of  shear  moduli 
were  performed  at  shearing  strains  above  0.001  per¬ 
cent.  One  set  of  tests  with  Isotropic  confinement 
Is  shown  In  Fig.  7.  A  second  set  of  tests  with  ani¬ 
sotropic  confinement  Is  shown  In  Fig.  8.  As  shown  In 
the  figures,  shear  modulus  decreases  as  shearing 
strain  Increases  above  a  threshold  strain  of  about 
0.001  percent.  This  type  of  behavior  has  been  well 
documented  In  many  other  studies  [Reference  5], 
However,  these  tests  show  the  feasibility  of  using 
anisotropic  resonant  column  tests  to  study  this 
behavior. 


Shearing  Strain, y,  % 

Fig.  7  -  Variation  in  Shear  Modulus  with 
Shearing  Strain  under  Isotro- 
ic  Confinement. 


Shearing  Strain,  y,  2 


Fig.  8  -  Variation  in  Shear  Modulus  with 
Shearing  Strain  under  Aniso¬ 
tropic  Confinement. 


One  convenient  way  of  presenting  the  effect  of 
strain  amplitude  on  modulus  Is  In  terms  of  normal¬ 
ized  modulus,  G/Gmax,  versus  the  logarithm  of  shear¬ 
ing  strain.  The  results  presented  in  Fig.  7  are 
shown  replotted  In  this  fashion  In  Fig.  9.  The  value 
of  G-ux  used  at  each  confining  pressure  was  simply 
the  value  of  modulus  measured  at  0.0005  percent 
strain.  Definition  of  a  threshold  strain  below 
which  modulus  Is  constant  is  now  clearly  evident, 
and  an  approximate  value  of  0.001  percent  Is  observ¬ 
able.  In  addition,  it  can  be  seen  that  for  the  value 
of  normalized  modulus  at  ay  strain  above  the  thresh¬ 
old  strain  increases  as  Isotropic  confining  pressure 
increases.  This  behavior  Is  typical  of  sands  [Ref¬ 
erence  6] . 


Shearing  Strain,  y,  % 


Fig.  9  -  Variation  in  Normalized  Shear  Modulus 
with  Isotropic  Confining  Pressure. 

The  data  shown  In  Fig.  8  for  anisotropic  load¬ 
ing  has  not  been  plotted  in  Fig.  9  because  there 
would  be  too  much  data  In  one  figure.  The  data  falls 
between  the  two  curves  for  Isotropic  pressures  of  12 
and  26  psl  as  expected.  It  seems  to  Indicate  at  this 
point  that  anisotropic  loading  Is  more  Important  In 
affecting  Gmax  than  the  G/G^x  versus  log  1  curve. 
However,  more  work  is  required. 


Although  space  considerations  preclude  a 
detailed  presentation  of  the  high-amplitude  tests. 
It  was  found  that  Eq.  4  could  be  modified  to  predict 
the  behavior  shown  In  Figs.  7  and  8.  The  general 
equation  with  which  modulus  at  hlgh-ampl Itude 
strains  can  be  predicted  Is: 


Q  _ _ •> 

0.3  +  0. 7e‘ 


_na  _nb  ,.1-na-nb 


(6) 


In  which  S,  na  and  nH  are  the  same  factors  as  In  Eq. 
4  except  that  each  one  now  varies  with  strain  ampli¬ 
tude.  The  values  of  the  parameters  and  their  vari¬ 
ation  with  strain  are  easily  determined  by  using  a 
Ramberg-Osgood  curve  fitting  technique  as  discussed 
in  Reference  5.  Variations  of  S,  na,  and  liE  with 
strain  amplitude  as  shown  In  Figs.  10,  11,  and  12, 
respectively.  It  Is  Interesting  to  note  that  the 
effect  of  sjtraln  amplitude  Is  most  pronounced  on  $. 
Values  of  na  and  no  exhibit  some  scatter,  but  the 
ge.ieral  trend  of  na  and  nb  Increasing  with  Increas¬ 
ing  strain  amplitude  Is  clearly  evident.  This 
behavior  Is  consistent  with  that  predicted  by 
Mohr-Coulomb  failure  criterion.  These  results  also 
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show  the  potential  of  the  resonant  column  for  Inves¬ 
tigating  nonlinear  behavior  under  anisotropic  load¬ 
ing. 


CONCLUSIONS 

A  resonant  column  device  was  developed  with 
which  hollow  or  solid  cylindrical  soil  specimens  can 
be  loaded  either  Isotropically  or  biaxlally.  The 
resonant  colunn  is  used  to  excite  soil  specimens  In 
first-mode  torsional  motion  from  which  shear  modulus 
and  material  damping  are  evaluated.  With  this 
equipment,  the  shear  modulus  at  small  strains,  G^*, 
of  one  sand  was  found  to  depend  about  equally  on  the 
principal  stresses  In  the  directions  of  wave  propa¬ 
gation  and  particle  motion  (as  defined  by  Eq.  5). 
These  tests  confirm  similar  findings  with  the 
large-scale  trlaxial  device.  In  addition,  the  tests 
also  demonstrate  the  feasibility  of  using  anisotrop¬ 
ic  resonant  column  tests  to  investigate  modulus  and 
damping  at  higher  strains. 


Shearing  Strain,  y,  % 

Fig.  12  -  Influence  of  Strain  Amplitude  on  nF 
Under  Anisotropic  Loading. 
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ABSTRACT 

Los  Alanos  National  Laboratory  has  begun  a 
project  to  siaulate  the  foraation  and  collapse  of 
underground  cavities  produced  by  nuclear  explosions 
using  cheaical  explosions  at  auch  saalier  scale  on 
a  large  geotechnical  centrifuge.  Use  of  a 
centrifuge  for  this  project  presents  instrumenta¬ 
tion  challenges  which  are  not  encountered  in  teats 
at  similar  scale  off  of  the  sentrifu  a. 
Elec troaagna tic  velocity  measuring  methods  which 
have  been  very  successfully  applied  to  such  aodeis 
at  l  g  would  be  very  difficult,  if  not  impossible, 
to  Implement  at  100  g.  We  are  Investigating  the 
feasibility  of  other  techniques  for  monitoring  the 
ground  shock  in  small-scsle  tests  including  ac¬ 
celerometers,  stress  gauges,  dynamic  strain  meters 
and  email,  tin tusl- inductance  particle  sioclty 
gauges.  Initial  raauits  Indicate  that  some  of 
these  techniques  can  ba  adapted  for  centrifuge 
applications. 


INTRODUCTION 

Los  Alamos  National  Laboratory  recently  began 
a  project  to  Investigate  tost  of  tha  phencmana 
which  are  associated  with  the  containment  of  under¬ 
ground  nuclear  teats.  The  experimental  goal  la  to 
use  small  chemical  explosive  chargee  burled  In 
simulated  rock  and  soil  on  a  centrifuge  [l]. 
Although  the  ultl'iata  objective  of  this  projact  may 
ba  outside  the  scone  of  this  conference,  many  of 
the  experimental  techniques  that  will  ba  used  era 
directly  applicable  to  the  simulation  of  tha  af¬ 
fects  of  non-nuclear  munitions  using  centrifuge 
models.  Because  this  program  hes  juat  begun,  this 
paper  will  focus  on  general  considerations  regard¬ 
ing  the  measurement  of  ground  shock  on  tha 
centrifuge;  however,  we  will  briefly  discuss  the 
raauits  of  some  preliminary  teats. 

Explosives  have  bean  used  for  many  years  on 
centrifuges.  One  of  tha  moat  extensive  applica¬ 
tions  has  bean  tha  Investigations  of  explosively 
produced  craters  by  Schmidt  and  various  co-workers 
[*.g.,  2-5].  One  of  us  has  also  bean  Involved  In 
thij  and  similar  studies  [6,7].  However,  almost 
all  such  Investigations  have  involved  no  £n  situ 
measurements  of  tha  ground  shock  that  is  tha 
mechanise  by  which  the  explosive  does  its  work.  Hu 
hav*  found  only  one  report  of  a  centrifuge  inves¬ 
tigation  in  which  tha  ground  shock  amplitude  has 
been  maaaursd  [8].  In  order  to  have  confidence  In 


the  fidelity  of  scaled  model  simulations  of  ex¬ 
plosive  affects  on  structures,  it  is  essential  that 
tbe  ground  shock  be  measured  in  tha  free  field  and 
in  the  immediate  vicinity  of  the  structure.  Only 
if  we  are  correctly  Simula  ting  the  source  of  the 
loads  on  the  structure  can  wa  be  assured  that 
■■assured  structural  responses  will  be  similar  to 
tha  responses  of  the  f ull-rcale  structure. 

BASIC  GROUND  SHOCK  MEASUREMENT  TECHNIQUES 

Numerous  technique*  have  baan  developed  to 
measure  many  parameters  of  ground  shock  in  a 
variety  of  environments  including  nuclear  axplo- 
alona,  large  high  explosive  (HE)  field  teats  and 
smaller  HE  testa  In  a  laboratory  environment.  In 
this  auction  we  review  some  of  those  methods 
without  direct  consideration  of  their  adaptability 
to  centrifuge  testings  that  adaptlblllty  will  be 
discussed  in  the  next  section. 

Accelerometers  have  been  successfully  applied 
to  the  measurement  of  ground  shock  from  large  acele 
explosive  event*  for  many  decades.  In  their  moat 
straightforward  application,  the  acceleration  is 
the  measured  quantity,  but  it  la  possible  to  in¬ 
tegrate  the  basic  output  of  the  transducer  to 
obtain  both  velocity  end  displacement.  Tbe  in¬ 
tegration  can  b*  don*  aa  a  data  reduction  step 
alter  the  experiment  or  in  real-time,  either  in  a 
circuit  packaged  with  the  transducer  or  in  a 
separate  package  removed  from  tha  ground  shock 
environment.  Real-tin*,  cloaa-couplad  integration 
to  velocity  has  the  advantages  that  tha  signal  to 
b*  transmitted  1*  lower  frequency  (which  will 
usually  be  eaaiar  to  separate  from  nolsn)  and  that 
the  velocity  la  frequently  the  ground  ahock 
parameter  moat  needed  In  the  application. 
Experience  shows  that,  unless  the  accelerometer  and 
ft*  cabling  are  extremely  stiff,  accalerometera 
follow  the  notion  of  the  surrounding  nedlun 
faithfully. 

One  difficulty  of  accelerometers  is  that  they 
do  not  «c^rn  quod  data  when  tha  invars*  of  the 
ground  ahock  risa  tin*  la  near  or  above  the 
resonant  frequency  of  tha  f-.ranaducar.  Typically, 
accelerometers  capable  of  Manuring  vary  high  se¬ 
culars  l*ons  nr*  snail  and  have  high  resonant 
fraqunnciea  (a.  g.,  Endavco  2291  rated  at  l»107 
m/e2  with  a  resonance  at  >230  kHs).  Accelerometers 
are  designed  to  be  sensitive  to  motion  in  a  par¬ 
ticular  direction,  but  packages  can  b*  obtained 
with  thru*  devices  noun  tad  so  that  their  sensitive 
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axes  are  mutually  perpendicular.  They  typically 
have  a  sensitivity  to  transverse  acceleration  of  a 
few  percent  of  their  nominal  sensitivity.  Another 
difficulty  with  accelerometers  is  occasional  occur¬ 
rence  of  drift  and  zero  shift.  Finally, 
accelerometer  housings  must  be  able  to  withstand 
the  pressure  that  accompanies  the  acceleration  in  a 
ground  shock  pulse.  However,  despite  their  dif¬ 
ficulties,  accelerometers  are  unquestionably  the 
mainstay  of  ground  shock  instrumentation  for  large 
scale  events. 

Induced  e lec tromo tance  is  the  basis  of  most 
techniques  which  directly  measure  the  particle 
velocity  in  ground  shock.  The  Lorentz  force  on 
electrons  in  a  conductor  moving  in  a  uniform  mag¬ 
netic  field  was  used  by  Zaitsev  et  el .  [9].  When  a 
large  electromagnet  is  used  to  produce  a  uniform 
magnetic  field  perpendicular  to  the  direction  of 
the  anticipated  motion,  the  Lorentz  force  produces 
a  current  in  a  wire  perpendicular  to  both  the  field 
and  the  motion.  The  current  is  proportional  to  the 
velocity  of  the  wire  which  is  small  enough  that  it 
moves  with  the  surrounding  medium.  More  recent  ex¬ 
periments  have  employed  a  cylindrical  version  to 
measure  the  azimuthal  average  of  the  radial 
velocity  produced  by  a  spherical  charge  [10].  This 
azimuthal  averaging  can  be  very  useful  in  reducing 
the  scatter  of  ground  shock  data  caused  by  the  in¬ 
evitable  variability  of  geologic  materials.  An 
electromagnetic  particle  velocity  gauge  has  been 
developed  in  which  the  field  is  produced  by  a  small 
permanent  magnet  rather  than  by  a  large  electromag¬ 
net  [11];  but  the  response  of  this  gauge  is  highly 
non-linear,  and  it  has  not  been  employed  in  diver¬ 
gent  flow. 

Mutual  Inductance  has  also  been  used  to 
measure  particle  velocity.  Using  two  coils,  both 
with  their  axes  parallel  to  the  direction  of  ex¬ 
pected  particle  motion  but  separated  in  that 
direction,  the  velocity  can  be  measured  if  a  cur¬ 
rent  Is  supplied  to  the  upstream  coil  and  the 
current  Is  monitored  in  the  downstream  one.  If  the 
ground  shock  enveloping  the  source  coll  will  sever 
the  leads  providing  the  current,  a  conductive  plate 
can  be  placed  inside  the  source  coil  to  trap  the 
flux  for  a  duration  dependent  on  its  skin  depth  and 
thus  prolong  the  useful  life  of  the  gauge  [12). 
After  the  shock  envelops  the  outer  coll,  this  gauge 
will  only  give  a  record  of  the  relative  velocity  of 
the  two  coils. 

Yet  another  electromagnetic  velocity  gauge 
consists  of  two  long,  thin  coils  wound  together 
with  the  long  direction  being  the  expected  direc¬ 
tion  of  particle  motion;  a  constant  current  is  put 
through  one  of  the  coils  and  the  current  in  the 
other  is  measured.  As  the  end  nearest  the  source 
begins  to  move,  the  area  of  the  two  coils  decreases 
which  produces  a  current  in  the  pickup  coil  propor¬ 
tional  to  the  rate  of  change  of  the  area.  If  the 
flow  is  not  significantly  divergent,  the  result 
will  be  a  measure  of  the  particle  velocity  of  that 
cud  of  the  gauge.  As  in  the  previous  example,  when 
the  ground  shock  arrives  at  the  end  of  the  coils 
the  gauge  measures  the  relative  velocity  of  the  two 
ends  [13]. 

The  FDR  displacement  gauge  is  a  gauge  which 
directly  measures  the  dynamic  displacement  in 
ground  shock  and  has  been  used  in  large  HE  and 
nuclear  tests.  The  gauge  is  essentially  a  coaxial 


cable  aligned  parallel  to  the  direction  of 
measurement;  a  frequency  domain  ref lectometer  is 
used  to  determine  the  length  of  the  cable  [14].  If 
the  cable  is  very  long  and  the  upstream  end  is  well 
coupled  to  the  flow  in  the  ground  shock,  the  change 
in  the  length  of  the  cable  is  the  Lagranglan  dis¬ 
placement  at  that  end  of  the  cable.  For  shorter 
cables,  the  gauge  will  measure  displacement  until 
the  wave  has  encompassed  both  ends,  and  will 
measure  the  relative  displacement  of  the  two  ends 
thereafter. 

Almost  all  of  the  above  described  displace¬ 
ment,  velocity  and  acceleration  measuring  systems 
have  the  potential  of  measuring  strain,  strain  rate 
or  strain  acceleration  as  well.  In  some  cases, 
such  as  the  mutual  inductance  types  of  velocity 
gauge  and  the  FDR  displacement  gauge,  the  potential 
can  be  achieved  by  using  a  smaller  gauge  and/or 
modifying  the  orientation.  In  most  of  the  other 
cases,  two  separate  gauges  must  be  used  and  the 
strain  derived  by  dividing  the  difference  In  their 
displacement  by  their  separation. 

In  addition  to  parameters  directly  describing 
the  flow  field,  measurement  of  the  stress  driving 
It  is  also  desirable.  Most  measurements  of  stress 
in  ground  shock  are  accomplished  with  Lagranglan 
gauges  which  have  transducers  that  are  either 
plezoresistive  or  piezoelectric.  The  most  common 
plezoresistive  materials  are  foils  of  manganin,  yt¬ 
terbium  or  carbon-loaded  polymer.  Piezoelectrics 
include  quartz,  ceramics  like  lead  zirconate 
titans te  (PZT),  lithium  niobate,  and  recently 
polyvinyl id ene  flouride  (PVF^). 

In  order  to  use  these  transducers  successfully 
to  measure  ground  shock,  they  must  be  packaged  and 
emplaced  to  survive  the  flow  and  to  deliver  the 
proper  stress  to  the  transducer.  The  foil 
materials  (the  plezoresls tives  and  PVF^)  can  be 

made  into  very  survivable  flat-pack  designs  which 
will  transmit  the  stress  at  the  gauge  surface  to 
the  transducer.  Unfortunately,  for  the  metals 
there  is  a  considerable  sensitivity  to  shear 
stresses  which  may  also  be  delivered  to  the 
transducer.  Carbon  gauges  have  been  shown  to  be 
sensitive  only  to  the  component  of  stress  normal  to 
the  foil  [15],  so  they  should  give  reliable  results 
in  a  flat-pack  design. 

The  most  critical  requirement  of  stress  gauges 
is  that  they  be  emplaced  in  such  a  manner  that  the 
free-fleld  stress  is  also  the  stress  measured  by 
the  transducer.  This  was  discussed  in  a  paper 
delivered  at  the  first  symposium  in  this  series 
[16].  The  flat  pack  design  was  specifically 
selected  for  this  quality.  However,  that  design 
only  guarantees  that  the  stress  measured  is  that  in 
the  medium  immediately  outside  the  gauge  package. 
If  the  gauge  has  been  emplaced  in  a  hole  drilled 
into  the  free-field  medium,  stress  bridging  may 
still  occur  around  the  emplacement  hole  and  its 
contents. 

CONSIDERATIONS  FOR  CENTRIFUGE  IMPLEMENTATION 

Not  all  of  the  above-described  types  of  ga’:^e 
will  be  usable  for  measuring  ground  shock  in  a 
centrifuge  test  and  others  may  require  substantial 
modification.  The  centrifuge  environment  differs 
from  the  field  and  static  laboratory  environment  in 
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that  there  are  limitations  on  the  oass  and  physical 
dl mens lk.  .  of  the  test,  the  entire  experiment  Is 
rotating  abOL  .  the  axis  of  the  machine,  and  the 
initial  accelerations  are  much  greater  than  10 
m/s2.  These  differences  will  make  some  of  these 
methods  lmpocslble  to  deploy  and  will  degrade  or 
invalidate  the  performance  of  other  techniques. 

Use  of  accelerometers  to  measure  ground  shock 
in  centrifuge  model  tests  is  very  appealing  because 
of  the  long  history  of  their  successrul  application 
to  full  scale  measurements.  However,  their  use  in 
the  centrifuge  environment  will  necessarily  Involve 
some  effort.  Integration  of  acceleration  records 
to  get  velocity  and  displacement  is  obviously  sen¬ 
sitive  to  any  initial  acceleration;  thus  care  must 
be  taken  that  the  test  acceleration  not  interfere. 
Use  of  ac  coupling  schemes  should  permit  the 
dynamic  signal  to  bo  recorded  without  interference 
from  the  test  acceleration.  This  consideration 
will  apply  to  accelerometers  in  any  orientation  be¬ 
cause  of  the  transverse  sensitivity  of  the 
transducers.  The  small  scale  of  the  model  experi¬ 
ment  can  also  present  problems.  First,  because  the 
experiment  dimensions  are  small,  rlsetimes  will  be 
proportionately  shorter  if  hydrodynamic  similitude 
is  maintained.  This  may  lead  to  accelerometers  ap¬ 
proaching  their  resonant  frequencies.  Second,  the 
size  of  the  accelerometer  package  may  be  large 
enough  to  perturb  the  flow  field.  For  comparison 
to  the  same  problem  at  full  scale,  consider  a  half- 
centimeter  accelerometer  encapsulated  in  a  2  cm 
package  for  a  100  g  test.  This  would  be  equivalent 
to  a  2  meter  package  at  full  scale. 

All  electromagnetic  velocity  gauges  may  be  af¬ 
fected  by  the  rotation  of  the  centrifuge  if  the 
ambient  magnetic  environment  is  poor.  The  earth's 
magnetic  field  per  se  ic  probably  so  weak  as  to  be 
no  problem  for  gauge  response,  but  the  presence,  of 
large  masses  of  magnetic  steel  moving  aither  rela¬ 
tive  to  the  teat  or  relative  to  the  earth's  field 
may  prove  troublesome.  Seneltlvlty  to  this  pos¬ 
sibility  will  have  to  be  determined  on  a  case  by 
case  basis.  If  the  rocation  produces  a  problem  of 
varying  background  field  large  enough  to  compromise 
gauge  performance,  ac  coupling  may  be  useful  in 
eliminating  the  spurious  signal. 

Some  of  the  electromagnetic  techniques  will 
not  be  useful  in  centrifuge  experiments  because  of 
their  requirement  for  large  electromagnets.  For 
example  the  colls  used  to  produce  the  magnetic 
field  for  a  recent  series  of  meter-scale  tests  with 
explosive  sources  in  soil  conducted  at  Livermore 
National  Laboratory  (17)  employed  a  pair  of  colls 
about  3  m  high  and  weighing  several  tons.  We  feel 
confident  in  predicting  that  these  colls  will  not 
be  used  In  any  centrifuge  testing  program;  in  view 
of  the  considerable  success  of  this  technique  for 
measuring  ground  shock  in  model  tests  at  1  g,  this 
la  unfortunate. 

Fortune  cely,  particle  velocity  gauges  of  the 
mutual  Inductance  type  seem  to  offer  excellent 
potential  for  application  to  the  centrifuge 
environment.  The  only  anticipated  difficulty  is 
that  scaling  them  down  will  entail  the  use  of  thin¬ 
ner  gauge  wires  uhleh  will  be  more  fragile. 
Nonetheless,  this  type  of  gauge  will  almost  cer¬ 
tainly  figure  prominently  in  future  centrifuge 
modelling  programs. 


The  FDR  displacement  gauge  also  seems  to  be  a 
likely  candidate.  The  most  apparent  difficulty 
also  seems  to  be  the  trade-off  between  size  and 
fragility. 

Stress  gauges  should  experience  little  dif¬ 
ficulty  due  to  either  the  static  acceleration  or 
the  rotation  of  the  centrifuge.  Size  may  be  some 
problem,  but  both  carbon  and  ?VF2  are  available  In 

very  small  (<  3  mm)  sizes.  Obtaining  the  desired 
sensitivities  from  small  transducers  of  other  types 
may  not  ba  possible. 

PRELIMINARY  TEST  RESULTS 

The  objective  of  our  work  so  far  has  been  to 
test  various  gauge  dealgna  that  may  be  adaptable  to 
the  centrifuge  environment.  We  have  tested  various 
package  designs  for  mauganln  and  carbon  stress 
gauges  and  have  identified  several  potential 
problems  for  obtaining  good  records.  We  are  cur¬ 
rently  testing  sees lerome tars  to  identify  design 
considerations.  The  goals  have  bean  to  develop 
stress  gauge  packages  that  (1)  create  a  minimum  of 
reflected  waves  by  good  impedance  matching  with 
test  materials,  (2)  ensure  a  gauge  life  the t  is 
greater  than  that  ox  stress  signals  associated  with 
shock  waves,  (3)  are  easily  emplaced  in 
heterogeneous  materials  auch  as  alluvium  and  grout, 
and  (4)  can  protect  the  gauge  element  from  the  test 
material. 

Our  initial  testa  used  gauge  packets  placed  in 
a  tank  of  water  with  spherical  high  explosive 
charges.  The  charges  were  1  and  2  inch  (25  and  51 
mm)  diameter  spheres  of  C-4  high  explosive  in¬ 
itiated  by  Reynolds  RP-87  detonators.  This 
approach  allowed  experiments  to  be  setup  easily  and 
provided  a  harsher  test  for  most  gauges  than  would 
soil.  Use  of  C-4  permitted  quick  molding  of  the 
charge  to  the  desired  size  while  saving  expense. 
Presently  we  are  experimenting  in  a  sand  bed,  which 
is  also  relatively  simple  for  experimental  aetup. 
Simple  design  encourages  the  repetition  of  many 
shots  In  preparation  for  the  limitations  imposed  by 
the  centrifuge. 

Figure  1  illustrates  a  design  for  the  manganln 
gauge  package  that,  so  far,  has  met  our  goals.  The 
manganln  gauge  is  mounted  on  a  polycarbonate  sup¬ 
port  with  the  sensitive  element  at  right  angles  to 
the  Kapton-coa ted  leads.  A  coaxial  cable  is  at¬ 
tached  to  the  back  of  the  gauge.  A  shorting  pin 
extends  about  1  mm  in  front  of  the  sensing  element; 
this  pin  is  also  attached  to  a  coaxial  cable.  The 
whole  assembly  is  potted  in  epoxy,  which  can  be 
doped  with  corundum  powder  to  obtain  the  dealrad 
density.  The  package  is  placed  perpendicularly  to 
the  shock  front.  Upon  contact,  the  shorting  pin 
trigger*  an  oscilloscope  trace.  The  wave,  with 
reflection*  of  minimum  amplitude,  will  then  pass 
through  the  gauge  along  the  axis  of  tha  wire  leads. 
In  this  manner,  the  wave  must  travel  several  cen¬ 
timeters  before  it  can  shear  the  gauge  leads;  hence 
«  relatively  long  record  la  achieved.  A  desirable 
feature  of  using  the  oscilloscope  trigger  la  that 
the  scope  can  be  set  to  a  feat  measuring  window, 
which  allows  detail  of  tha  wava  profils  to  ba 
obtained.  With  other  recording  techniques  this  pin 
might  be  redundant.  Figure  2  shows  two  typical 
records  for  different  charge  size*  and  different 
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gauge  ranges  in  water.  Mote  that  the  gauge  orien¬ 
tation  affects  the  shape  of  the  measured  signal. 

We  hare  also  used  carbon  gauges  in  a  flat  pack 
design.  Figure  3  shows  the  gauge  sensitive  element 
and  leads  encapsulated  between  two  1  mo  thick 
sheets  of  mica.  The  gauge  leads  and  mica  plates 
are  strengthened  by  potting  in  epoxy  well  away  from 
the  sensitive  element.  This  design  allows  us  to 
place  the  gauge  perpendicular  to  the  direction  of 
stress  wave  propagation.  The  lifetime  of  the  gauge 
is  maximized  by  its  tangential  length,  which  deter¬ 
mines  the  amount  of  time  the  shockwave  must  travel 
to  reach  the  leads  after  hitting  the  gauge  element. 
Figure  4  Is  a  typical  stress  record  obtained  with  a 
flat  pack  gauge  In  water. 

Since  the  carbon  gauge  placement  we  employ  Is 
much  different  than  that  used  for  isanganin,  dif¬ 
ferent  geometrical  problems  (e.  g. ,  reflections, 
gauge  motion  and  bridging  across  the  gauge  altering 
the  free-field  stresses)  arise  for  each  gauge. 
Shear  strength  in  tuff  and  grouts  used  to  simulate 
it  is  expected  to  be  a  major  problem  to  overcome  in 
achieving  good  stress  records.  The  radial  versus 
tangential  arrangements  described  above  are  hoped 
to  give  us  maximum  gauge  life. 

We  have  experienced  problems  with  electromag¬ 
netic  noise  from  the  detonator  because  it  produces 
over  100  millivolts  of  moderate  frequency  (3  to  10 
MHz)  noise  in  unshielded  leads.  This  noise  may  be 
an  artifact  of  our  simple  charge  design.  However, 
we  have  found  that  by  using  coaxial  leads  wherever 
possible  and  aluminum  foil  shields  around  the  gauge 
packages,  the  noise  can  be  reduced  to  less  than  10 
millivolts.  With  further  grounding  of  the  shield¬ 
ing  and  use  of  better,  cast  charges, we  are  certain 
that  the  noise  can  be  reduced  to  negligible  levels. 

FUTURE  PLANS 

Our  program  to  measure  ground  shock  produced 
from  small  HE  explosions  on  a  centrifuge  has  just 
bejan.  There  Is  still  much  to  be  done  at  1  g  in 
the  line  of  selecting  and  perfecting  proper  tech¬ 
niques  before  moving  onto  the  centrifuge.  As 
mentioned  above,  we  are  beginning  to  conduct  tests 
in  soil-like  material.  We  expect  to  conduct  tests 
in  grouts  designed  to  simulate  the  porous  tuffs 
which  occur  at  the  Nevada  Test  Site.  However,  the 
primary  thrust  of  these  early  experiments  is  upon 
measurement  techniques,  not  on  materials.  During 
the  cooing  months  we  plan  to  try  several  other 
stress  and  velocity  gauges.  In  particular,  we  will 
Investigate  the  feasibility  of  using  the  long 
electromagnetic  particle  velocity  gauges  and  stress 
gauges  using  PVF^  sensitive  elements.  Other  plans 

include  attempts  to  measure  hoop  stresses  (with  the 
carbon  gauge  described)  and  strains  (with  the  FDR 
gauge  and  a  strain-rate  version  of  the  long 
electromagnetic  gauge).  We  hope  that  within  the 
next  year  we  will  begin  testing  with  fully  confined 
bursts  on  a  centrifuge. 
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Figure  1.  Sketch  of  manganin  gauge  assembly. 


Figure  3.  Carbon  flat  pack  gauge  assembly. 
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Figure  4.  Pressure  trace  measured  by  carbon  gauge 
at  a  range  of  127  mm  from  a  50.8  mm  diameter  charge 
of  C-4. 


Figure  2.  Pressure  histories  recorded  from  manganin 
gauges,  (a)  Charge  diameter,  25.4  mm;  gauge  range, 
50.8  mm.  (b)  Charge  diameter,  50.8  mm;  gauge  range, 
50.8  mm. 
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ABSTRACT 

The  processes  that  occur  during  the  movement  of 
chemicals  through  soils  are  outlined.  Feasibility  of 
accelerating  the  transport  of  chemicals  in  the  centrifuge 
is  studied  by  performing  'modeling  of  model'  tests.  The 
influence  of  stress  level  on  chemical  dispersion  and 
advection  is  studied.  The  results  show  the  potential 
applicability  of  centrifugal  modeling  for  the  acceleration 
of  transport  process  durmg  chemical  travel. 

INTRODUCTION 

Movement  of  liquid  pollutants  into  soil  and  water 
bearing  strata  from  spills,  waste  disposal  ponds,  and 
landfills  is  governed  by  the  processes  of  advection, 
dispersion,  adsorption,  and  degradation.  The  first  three 
of  these  processes  are  strongly  affected  by  the  character 
of  the  soil,  particularly  the  grain  size  distribution, 
aggregation  of  particles,  mineral  composition,  soluble 
salt  type  and  amount,  and  the  pore  size  distribution  ar  d 
shape.  Adsorption  and  degradation  depend  on  properties 
of  the  polluting  compound  as  well  as  the  character  of 
mineral  surfaces  and  possibly  soil  organic  matter.  It 
follows  that  typical  heterogenous  soils,  having  strata  of 
differing  characteristics,  provide  very  complex  media 
for  the  transport  of  pollutants.  Prediction  or  evaluation 
of  the  movement  of  pollutants  in  such  soils  requires 
consideration  of  all  the  processes  described  above  for 
the  complex  soil  system. 

Analyses  of  problems  of  tills  nature  are  currently 
carried  out  using  mathematical  simulation  studies 
Oavandel  et  al.  (1984),  Orlob  (1984)).  The  accuracy  of 
the  mathematical  simulation  studies  depends,  among 
other  factors,  on  the  accuracy  of  the  input  parameters. 
For  example,  many  investigators  have  concluded  that 
values  of  longitudinal  and  transverse  dispersivities  in 
field  systems  are  significantly  larger  than  those  values 
obtained  in  laboratory  experiments  on  homogeneous 
materials  or  on  materials  with  simple  heterogeneities. 
The  determination  of  input  parameters  such  as 
permeability  and  diffusion  coefficients  in  the  laboratory 
for  use  in  mathematical  models  must  be  such  that  they 
represent  the  in  situ  stress  conditions  which  are  very 
difficult  to  simulate  in  the  laboratory. 

Predictive  methods,  e.g.  mathematical  models,  are 
used  to  indicate  the  major  changes  and  the  possible 
magnitude  of  the  changes  during  the  transport  process, 
but  these  have  been  difficult  to  verify,  due  largely  to 
lack  of  adequate  data.  Simulation  costs  are  often  high 
lor  the  more  complex  models  such  as  two  or  three 
dimensional  models,  since  the  time  horizon  of  interest 


may  span  decades  of  real  time.  Detailed  representation 
of  geological  structure,  also  possible  in  such  models, 
adds  to  the  difficulty  of  simulation  of  the  transport  of 
pollutants. 

Certain  of  these  difficulties  may  potentially  be 
overcome  by  the  use  of  centrifuge  modeling  In 
particular,  it  should  be  feasible  by  such  models  to  greatly 
accelerate  the  transport  processes  that  govern  the  fate 
of  pollutants  as  they  move  through  soils  and  aquifers. 
This  should  greatly  enhance  general  predictive  capability 
and  also  improve  and  verify  the  capabilities  of 
mathematical  models  now  being  used. 

PHYSICAL  TRANSPORT  PROCESSES 

The  common  starting  point  in  the  development  of 
differential  equations  to  describe  the  transport  of  solutes 
in  porous  materials  is  to  consider  the  flux  of  solute  into 
and  out  of  a  fixed  elemental  volume  within  the  flow 
domain.  A  conservation  of  mass  statement  for  this 
elemental  volume  is 
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The  physical  processes  that  control  the  flux  into  and 
out  of  the  elemental  volume  are  advection  and 
hydrodynamic  dispersion. 


Advection  is  the  component  of  solute  movement 
attributed  to  transport  by  the  flowing  water.  The  rate 
of  transport  is  equal  to  the  average  linear  water  velocity, 
v,  where  y  =  v/n,  v  being  the  specific  discharge  and  n 
the  porosity.  There  is  a  tendency,  however,  for  the 
solute  to  spread  out  from  the  path  that  it  is  expected 
to  follow  according  to  the  advection  hydraulics  of  the 
flow  system.  This  spreading  phenomenon  is  called 
hydrodynamic  dispersion.  It  causes  dilution  of  the  solute. 
It  occurs  because  of  mechanical  mixing  during  fluid 
advection  and  because  of  molecular  diffusion  due  to  the 
thermal  kinetic  energy  of  the  solute  particles. 

Our  purpose  here  is  to  examine  first  as  to  whether 
the  physical  processes  (advection  and  dispersion)  can  be 
modelled  in  the  centrifuge.  The  objectives  of  this  paper 
are:  1)  to  examine  the  validity  of  centrifugal  modeling 
by  performing  'modeling  of  model'  tests  and  2)  to  examine 
the  influence  of  gravity  on  advection  and  dispersion 
processes. 
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The  physical  processes  of  advection  and  dispersion 
in  a  salt  water  bearing  sand  strata  subjected  to  leaching 
by  fresh  water  is  examined. 

SCALING  LAWS 


One-dimensional  expressions  for  advection, 
dispersion,  adsorption,  and  degradation  for  a  saturated, 
homogeneous,  isotropic  medium,  where  the  flow  is  in  a 
steady  state  and  where  Darcy's  Law  is  applicable  can 
be  written  as 


3C 

at  = 


S  • 


as 

at 
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where 


C  =  concentration  of  the  chemical  in  the  pore 
fluid 

=  longitudinal  coefficient  of  dispersion 
=  average  linear  velocity  along  the  flow  line 
ir  =  the  coordinate  direction  along  the  flow  line 
p  =  bulk  mass  density  of  the  porous  medium 
n  -  the  porosity  of  the  medium 
s  =  the  mass  of  the  chemical  constituent 
adsorbed  on  a  unit  mass  of  the  solid  part 
of  the  porous  medium 
t  =  time 

k  .  =  the  degradation  coefficient  of  the  chemical 
in  the  porous  medium 


Advection  The  second  term  on  die  right  hand  side 
describes  advection  of  the  pollutant  through  soil  by  the 
movement  of  pore  fluid.  Advection  in  a  saturated  soil 
depends  cn  the  following  factors: 

permeability  of  the  soil,  k  (cm/s), 
pressure  gradient,  I,  3 

concentration,  C  (grms/cnri  )  _ 

cross-sectional  area  perpendicular  to  the  flow,  A  (car) 
time  t,  (seconds) 


Tho  mass  flow  rate  f(w/t)  =  f(k,l,C,A)  where  w  is  the 
total  mass  (lowing  in  time  t.  Using  dimensional  analysis, 
considering  (kl),  C  and  A  as  parameters  influencing  mass 
flow  rate  (w/t)  it  can  be  written 

w/t  =  m'l^T-'  =  AbCc(ki)d  =  McL2b‘3c+d  T"*1 

i.e.  M*L°T~*  =  McL2b~3c+d  T^ 


therefore  c=l,  d=l,  and  2b-3c+d=0  and  hence 

b  =  1.  The  non-dimensional  constant  becomes 
w/t  =  A  (kl)  C  or 

[A(kl)Ct]  .  [A(k?;Ct1 

L  w  Jm  ”  L  w  J  p 

where  the  subscript  m  refers  to  the  model  and  p  refers 
to  the  prototype. 


But  if  kp=km  Le.  same  stress  level,  porosity,  viscosity 

and  mass  density  and  if  we  maintain  1  =nl  ,  i.e.  same 

m  p' 

pressure  head  in  both  mode1  and  prototype,  and  if  we 
could  model  the  amount  of  pollutant,  i.e.  w^/V^  = 

wm^m’  wb‘cb  means  nnass  of  pollutant  in  unit  voiume 

of  the  soil  is  the  same,  then  C  =  C  and  we  could 
n^w  write  p  f,‘ 


A  k  i  C  t  A  k  1  C  t 
m  ro  m  mm  .  — P-iLP—P— £ 
w  w 


substituting  A  =N^A  ,  V  =N^V  ,  k  =k  ,  C  =C 
5  p  nr  p  nrr  p  m1  p  m 

2 

and  w  =V  /V  w  wc  obtain  t  =  N  t  , 
p  p  m  m  _g _ m 

where  N  is  the  scale  factor. 


(2) 


Dispersion  The  first  term  of  the  equation  (1)  describes 
the  longitudinal  mixing  processes  that  result  from  the 
travel  of  pollutant  by  paths  through  the  pores  having 
different  lengths  and  molecular  diffusion.  This 
representation,  often  called  "Fick's  Law",  holds  well  in 
media  where  the  diffusion  coefficient  D  is  constant. 
The  factors  that  affect  this  term  are: 

2 

diffusion  coefficient,  D  (cm  /sec)  - 

cross  sectional  area  perpendicular  to  the  flow,  A(crn  ) 

concentration  gradient,  <*:/!*  (grm/cmS 
and  time,  t  (sec) 

The  mass  flow  rate  f(\v/t)  =  f(D,A,<fc/dx) 

Using  dimensional  analysis,  considering  A,D,  and  8c/&c 
as  basic  parameters  influencing  mass  flow  rate  (w/t), 
one  can  v/rite 

w/t  =  M1L°T'1  =  Ab(3c/ax)c  Dd 
i.e.  M^V1  =  L2b'4c+2d  MC  t* 


therefore  c=l,  -d=-l,  2b-4c-t2d~0  and  hence  b=l.  The 
non-dimensional  constant  becomes 

t  AD  3c/ax 

w 

and  we  can  write 

|(t/w)AD(pJ  =  j(t/w)AD(pJ 

At  the  same  stress  level  D  =D„  and  if  the  mass  of 

m  p 

pollutant  per  unit  volume  of  soil  is  the  same  i.e.  w  /V  = 

w  /V  ,  then  C  =  C  p  P 

mm  pm 

We  can  therefore  write 


tAD  C  /w  x  =  t_A  D„C  /w  x 
mmmm  mm  PPPP  PP 

Substituting  A  =N2A  .  x=Nx  ,  Vn  *  N3V  .  D  =D  . 

p  m  p  m  p  m  m  p 

C  =Cm  and  w  =  V  /Vm  wm 
pm  p  p  m  m 

we  obtain  i  =  N2t 
_g _ m 


(3) 


The  scaling  calculations  above  show  that  time 

would  scale  with  N”2  for  the  process  of  advection  and 
dispersion  described  by  equation  (1).  Pollutant  travel 
2 

would  scale  N  faster  in  a  physical  model  than  in  the 
prototype. 

PHYSICAL  ASPECTS  OF  MODELING 

In  addition  to  the  similarity  conditions  established 
above  for  diffusion  and  advection  processes,  it  is 
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necessary  to  maintain  the  validity  of  Darcy's  Law.  This 
can  be  maintained  if  the  Reynolds  number  R  =  -  ~  <  1 

where  v  =  the  velocity  of  seepage 

d  =  diameter  of  the  soil  grant; 
v  =  kinematic  coefficient  of  viscosity. 

For  the  condition  where  R„  =  1,  v/d  -  v 

c  max 


-  IP"*  m 
“max  "  d  sec 


-t>  2 

where  v  =  10"  meters  /sec 


The  rate  of  seepage  in  soil 


where  k  =  permeability  meters/sec 

I  =  hydraulic  gradient 

n  =  porosity 


model  "  n 


vmax  “  vmodel 
10"6  n 


The  maximum  permissible  scale  factor  for  a  clay 


with  k  =  ICf 7  .. set er s/sec,  n 
meters  is 


0,5,  I  =  1,  and  d  =  10" 


(10'feX0.5) 

(10"9X10"6X1) 


=  5  x  10£ 


Even  for  a  fine  sand  with  k  =  10  J  meters/sec,  n  =  0.5, 

I  =1,  and  d  =  10  mr  the  maximum  permissible  scale 
factor  is 

N  =  -  ■  £  6)<  v  —  =  50° 

(lO'^lO'l  1 

Therefore  the  requirements  of  laminar  flow  will  not  be 
a  significant  problem  for  soils  having  effective  grain 
sizes  finer  than  fine  sand. 

TE5TING  PROGRAM  AND  RESULTS 

Four  sand  models  (referred  to  as  models  1,  2,  3 
and  4)  varying  in  heights  of  8.23,  6.18,  5.14  and  3.88 
inches  were  prepared  by  pluviating  and  vibrating  a  fine 
sand  (a  uniform  sand  with  a  mean  grain  diameter  of 
0.42  mm)  into  a  0.08N  salt  water  solution  contained  in 
a  5.0  inch  diameter  plastic  cylinder  (see  Fig.  1).  The 
modelled  sand  layer  was  prepared  at  a  void  ratio  of 
0.48.  The  permeability  of  the  sand  layer  under  1  g 

_3 

condition  was  determined  as  10.25x10"  cm/sec.  Models  1, 
2,  3  and  4  were  subjected  to  centrifugal  accelerations 
of  25  g,  33.3  g,  40  g  and  53  g  respectively  in  the 
Schaevitz  centrifuge  (Figs.  2  and  3).  Fresh  water  was 
allowed  to  seep  through  the  models  under  a  simulated 
excess  head  of  20.63  inches  in  all  cases. 


■>  -> 
/  ■■.I  *  i 


Fresh  wottf  supply 


Cylinder  containing 
sond  somple 


Conductivity 

proba 


Cylinder  to  maintain 
water  tabls  depth 


Pore  pressutu 
transducer 

Porous  plats 

Bucket  to  collect 

escett  water 


FIG.  1.  Model  setup  used  in  the  centrifuge  for  the  four 
sand  models 


FIG.  2.  Recording  and  display  equipment  setup. 


FIG.  3.  Schematic  diagram  of  experimental  setup. 

The  change  in  concentration  of  the  pore  fluid  at 
the  mid  depth  of  each  model  was  monitored  as  a  function 
of  time  utilizing  a  conductivity  measuring  system  as 
shown  in  Fig.  4.  The  conductivity  cell  consisted  of  a 
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FIG.  4.  Circuit  diagram  for  the  conductivity  measuring 
system. 
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porous  filter  (diameter  of  the  pores  of  about  2-5  u)  and 
the  dimensions  of  the  cell  are  shown  in  Fig.  4.  The 
change  in  conductivity  and  the  pressure  heads  were 
monitored  on  strip  chart  recorders.  The  schematic 
diagram  of  the  experimental  setup  is  shown  in  Fig.  2 
and  a  photograph  of  the  setup  is  shown  in  Fig.  5. 


FIG.  5.  Model  setup  in  the  Schaevitz  centrifuge. 

The  column  of  sand  contained  in  a  plastic  cylinder 
modelled  the  sand  layer.  The  prototype  dimensions  are 
as  shown  in  Fig.  6. 

♦  20.63" - •) 

Fr«»h  Woler  j  Excess  hood 

elevation  >0 - ■> 


^-Conductivity  probe 

-102  81" - - 

Salty  silty  sand 
porosity  ■  0.32 

permeability «  9.75  s  I0~ ’em/sec 
overoge  size  *  0.0165  inches 

-205 63" - 

Aquifer  with  water  table 
depth  at  zero  elevation 


FIG.  6.  Simulated  prototype  of  the  four  sand  models. 

The  ratio  of  the  concentration  C/CQ  measured  in 

terms  of  conductivity  as  a  function  of  model  time  for 
the  four  models  is  shown  in  Fig.  7.  The  relationship 


FIG.  7.  The  ratio  of  concentration  C/C  as  a  function 

o 

of  model  time  for  the  four  sand  models. 

between  the  ratio  of  C/CQ  versus  prototype  times  shown 

in  Fig.  8  for  the  four  models  are  seen  to  be  approximately 
identical  with  the  greatest  deviation  occuring  in  the 
lower  portion  of  the  breakthrough  curves.  A  plot  of 


FIG.  8.  The  ratio  of  concentration  C/C  as  a  function 

o 

of  prototype  time  for  the  four  sand  models. 

log  t  (model  time)  for  50%  reduction  in  concentration 

ratio  versus  log  N  is  shown  in  Fig.  9.  This  result  can 
I  96 

be  interpreted  as  t  =N  tm> 


FIG.  9.  Logarithmic  model  time  for  50%  reduction  in 
concentration  ratio  vs  logarithmic  g  level. 

The  influence  of  g  level  on  the  breakthrough  curve 
was  investigated  by  comparing  a  1  g  test  data  with  the 
model  test  at  53  g.  In  the  1  g  test  a  sample  height 
of  3.88  inches  was  used.  The  height  of  the  sample  and 
the  excess  pressure  heads  and  the  location  of  the 
conductivity  probe  were  identical  in  the  1  g  and  53  g 
tests.  The  model  behavior  based  on  the  I  g  and  53  g 
tests  are  compared  in  Fig.  10.  The  breakthrough  curves 
are  shown  to  be  different  with  the  time  for  50% 
reduction  in  concentration  ratio  for  1  g  tests  being  less 
than  that  for  the  53  g  tests. 


FIG.  10.  The  ratio  of  concentration  C/C  as  a  function 

o 

of  model  time  for  1  g  and  53  g  tests. 
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The  conventional  approach  for  the  determination 
of  breakthrough  curve  is  to  perform  a  longitudinal 
dispersion  test  of  a  tracer  passing  through  a  column  of 
porous  media.  The  breakthrough  curve  is  used  to 
calculate  dispersion  coefficient  (D^)  and  t!ie  average 

velocity  (v).  The  calculated  values  of  D^  and  v  are 

used  to  predict  the  breakthrough  curve  for  any  depth  in 
the  prototype. 


For  advection  and  diffusion  processes  for  any  given 
boundary  conditions  the  solution  of  the  basic  differential 
equation  for  the  concentration  ratio  can  be  shown  to  be 
functions  of  nondimensional  parameters  (vl/D^)  and 

{U  +  VtVaDgt)*}.  For  the  same  concentration  ratios 

for  a  model  of  size  1/N  and_a  prototype,  which  has 
corresponding  velocities  of  (Nv)  and  v  (this  condition 
could  be  obtained  if  the  model  and  prototype  have  the 
same  excess  pressure  head)  it  should  satisfy  the 
following: 


v  i  /D„  =  V  l  /D0 

m  m  8m  p  p  Up 


FIG.  11.  The  ratio  of  concentration  C/Co  as  a  function 
of  prototype  time  for  1  g  and  53  g  tests. 

DISCUSSION  AND  CONCLUSIONS 

Modelling  of  model  tests  performed  to  assess  the 
validity  of  centrifuge  modelling  with  regard  to  physical 
processes  of  advection  and  diffusion  show  the  time  for 

2 

prototype  behavior  scales  closely  as  N  as  predicted  by 
scaling  laws  (see  Fig.  9). 


<VV,»>'2<IW J  <VVPI/2<V/ 

but  ,  v^/N  and  Dip=Dim 


Therefore 

■  %  *  lVN,/D«e  ■  VAp 


(t  .  v  t  )/2(D.  t  =  (rp  ♦  v  Nt  )/2lD.  t 
m-  m  ,tv  Urn  m  N  -  p  m  Ip  m 

=  t4(ctvf,(N2tn)]/2[D.  (I^t  )]* 
p~  p  in  Up  in 


U_  *•  v  t  )/2(D.  t  ) 
p  -  p  p  JLf  p 


The  lack  of  exact  similarity  of  the  predicted 
prototype  behavior  by  different  models  may  be  attributed 
to  the  following  reason.  As  the  time  for  the 
breakthrough  curve  is  so  short  due  to  high  velocities, 
the  response  time  of  the  conductivity  celi  which  is  of 
the  order  of  a  second  would  contribute  to  the 
discrepancy,  especially  for  higher  g-level  tests.  The 
error  may  be  of  the  order  1  hour  (in  prototype  time) 
for  53  g  test  compared  to  0.2  hrs  for  the  25  g  test. 
This  contribution  to  observed  deviations  may  become 
insignificant  for  a  fine  grained  soil  such  as  silt  with  a 
very  low  permeability  and  a  low  Peciet  number.  The 
Reynolds  number  ranges  from  0.11  to  0.21  for  the  four 
tests  thus  ensuring  laminar  flow. 

There  is  an  influence  of  stress  level  on  advection 
as  well  as  diffusion  processes  as  seen  from  the  results 
in  Fig.  11.  The  self  weight  may  have  an  effect  of 
reducing  the  average  velocity  and  the  permeability,  and 
thus  affecting  the  diffusion  coefficient.  The  changes  in 
the  above  properties  will  show  a  difference  in  the  shape 
and  position  of  the  breakthrough  curve. 


Therefore  to  have  the  same  concentration  ratio 


Therefore  the  breakthrough  curve  for  the 
corresponding  point  in  prototype  could  be  obtained  if 

2 

the  model  breakthrough  curve  is  scaled  up  by  N  . 


The  prototype  breakthrough  curves  predicted  at 
middepth  from  1  g  and  53  g  tests  which  simulate  the 
real  behavior  are  plotted  in  Fig.  11.  The  shape  of  the 
breakthrough  curve  for  the  1  g  test  is  seen  to  be  steeper 
and  faster  than  that  for  the  53  g  test.  This  would  be 
expected  if  permeability  decreases  as  confining  pressure 
increases.  The  centrifuge  provides  correct  prototype 
stress  levels  in  the  model,  which  are  higher  them  the 
stress  levels  in  the  small  model  test  at  1  g. 


This  study  shows  that  advection  and  diffusion 
processes  can  be  modelled  in  the  centrifuge.  If  future 
studies  on  fine  grained  soils  show  that  the  physical 
processes  of  advection  and  diffusion,  and  chemical 
processes  of  adsorption  can  be  modelled  in  the 
centrifuge,  this  technique  will  have  a  significant 
application  to  the  study  of  the  processes  affecting  the 
pollutant  travel  in  soils  and  the  prediction  of  pollution 
travel.  The  length  and  time  of  travel  can  be  accelerated 
and  the  dispersivities  in  different  directions  can  be 
included  as  long  as  the  prototype  conditions  can  be 
simulated  in  the  centrifuge. 

5UMMARY 

Four  centrifuge  tests  were  carried  out  on  four  sand 
models,  8.23,  6.18,  5.14,  and  3.18  inches,  accelerated  to 
g  levels  of  25,  33.3,  40  and  53.  The  results  on  the  sand 
models  contained  in  a  5  inch  diameter  plastic  cylinder 
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were  used  to  examine  the  validity  of  scaling  relations 
for  advection  and  diffusion  processes  during  pollutant 
travel  in  soils.  The  prototype  time  is  shown  to  scale 
2 

as  N  times  the  model  time. 

The  breakthrough  curves  obtained  in  a  1  g  and  a 
53  g  test  were  analyzed  to  examine  the  influence  of 
seif  weight  on  the  advection  and  diffusion  processes. 
The  results  indicate  that  self  weight  has  an  influence 
in  the  physical  processes  involved  in  the  transport  of 
pollutants  in  soil,  and  therefore  the  use  of  diffusion 
coefficients  measured  in  1-g  tests  may  be  incorrect. 

The  results  also  suggest  that  the  centrifuge  may 
have  significant  application  in  the  study  of  pollutant 
travel  in  soil. 
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ABSTRACT 
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that  in  the  prototype. 
Hence,  in  simulating  an  explosive  loading  in  a 


This  paper  presents:  (1)  an  analytical 
method  of  evaluating  the  error  introduced  by 
Coriolis  acceleration  on  the  centrifuge  model 
data,  and  (2)  a  method  of  simulating  a 
controllable  arbitrary  earthquake  motion  in  a 
centrifuge.  The  Coriolis  error  is  evaluated  by 
Newmark's  sliding  block  analysis  and  it  is  shown 
that  the  Coriolis  acceleration  may  have  a 
significant  influence  on  the  observed  model 
behavior.  A  piezoelectric  shaker  is  used  in  the 
feasibility  study  of  simulating  a  given  variable 
frequency  earthquake  motion  in  a  centrifuge  and 
the  results  are  reported. 


centrifuge  model,  the  weight  of  explosive  required 
would  be  N3  times  smaller  than  that  used  in  the 


field,  provided  identical  explosive  types  are 
used.  For  example,  a  field  explosive  with  8000 
pounds  of  PETN  can  be  simulated  in  the  centrifuge 
with  3.65  grama  of  FETN  at  a  centrifugal 
acceleration  of  lOOg. 

TABU  t.  SCAUNG  RELATIONS 


The  centrifuge  modeling  technique  was 
introduced  to  the  geotechnical  engineering 
community  by  Bucky  in  1931  and  independently  by 
Pokrovsky  in  1933.  Since  then,  the  technique  was 
used  in  the  study  of  certain  mining  problems,  but 
was  not  pursued  to  any  significant  degree  for 
geotechnical  modeling  in  the  U.S.  and  in  Europe. 
In  the  past  ten  years,  it  has  received  a 
remarkable  recognition  in  the  U.S.  and  around  the 
world. 


The  centrifuge  provides  a  unique  means  of 
increasing  the  gravity  in  the  form  of  centrifugal 
acceleration  and  thereby  enables  small  scale  soil 
models  be  tested  at  prototype  stress  levels.  For 
example,  the  stress  level  in  a  100  foot  tall  soil 
structure  would  be  identical  to  those  in  a  1  foot 
tall  geometrically  similar  model  when  tested  under 
100  g  centrifugal  acceleration.  The  scaling  laws 
associated  with  the  quantities  of  interest  can  be 
derived  by  using  the  principles  of  dimensional 
analysis.  A  summary  of  model  laws  is  presented  in 
Table  1. 


Quantity 

Full  Scale  Centrifugal 

(Prototype)  Model  at  n  g's 

Linear  Dimension 

1  l/n 

Are* 

1  l/n2 

Volume 

1  l/n2 

Time 

In  Dynamic  Terms 

1  l/n 

In  Diffusion  Cases 

1  l/n2 

In  Viscous  Flow  Cases 

1  1 

Velcity  (DhUnct/TIme) 

1  1 

Acceleration  (Distance/Time2) 

1  n 

Mass 

1  l/n2 

Force 

1  l/n2 

Energy 

i  l/n2 

Stress  (Force/ Area) 

1  l 

Strain  (Displacement/ Unit  Length) 

1  i 

Density 

1  1 

Energy  Density 

1  1 

Frequency 

In  Dynamic  Problems 

1  n 

The  simulation  of  dynamic  events  in  the 
centrifuge  requires  that  certain  similitude 
conditions  be  satisfied.  Considering  the 
simulation  of  an  acceleration  history  in  a 
centrifuge  at  a  centrifugal  acceleration  of 
Ng:  ( 1 )  model  frequency  is  N  times  larger  than 
the  prototype  frequency,  (2)  Model  amplitude  is  N 
times  larger,  and  (3)  model  duration  is  N  times 
shorter.  Moreover,  the  energy  in  the  model  is 


A  great  upsurge  in  the  centrifuge  activity 
has  taken  place  during  the  past  few  years  in  the 
study  of  dynamic  geotechnical  engineering 
problems.  Active  research  has  been  pursued  in  the 
areas  of  earthquake  response  and 
earthquake-induced  liquefaction  (Anandara jah, 
1980;  Arulanandan  et  al.,  1982;  Kutter,  1984; 
Prevost  et  al.,  1983,  Zelikson,  1981).  Schmidt 
and  Holsapple  reported  a  comprehension  series  of 
model  studies  dealing  with  explosive  as  well  as 
impact  craters  !  15,  16).  Nielson  (1983)  has 
recently  conducted  a  series  of  experiments  to 
study  the  attenuation  of  dynamic  stress  waves 
generated  from  an  explosion.  Scott  (1977)  and  Row 
et  al.  (1976)  demonstrated  the  feasibility  of 
modeling  foundatin  vibration  problems  in  a 
centrifuge.  Ortiz  et  al.  (1981)  reported  model 
experiments  performed  in  a  centrifuge  to  study  the 
dynamic  behavior  of  cantilever  retaining  walls. 
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There  are,  however,  many  difficulties  and 
uncertainties  associated  with  dynamic  centrifuge 
modeling  which  require  further  research  and 
development.  The  purpose  of  this  paper  is  to 
address  two  such  problems,  namely  the  error 
introduced  by  the  Coriolis  acceleration,  and  the 
difficulties  related  to  the  simulation  of  a 
variable  frequency  earthquake  motion  in  a 
centrifuge. 

INFLUENCE  OF  CORIOLIS  ACCELERATION  ON  CENTRIFUGE 
DATA 


Figure  1.  shows  the  velocity  and  acceleration 
fields  of  a  rotating  mass  where  the  component  2uv 
is  the  Coriolis  acceleration.  Thus,  any  dynamic 
excitation  occurring  in  the  plane  of  rotation  or 
any  movement  ocurring  within  the  soil  model  would 
give  rise  to  Coriolis  acceleration.  Pokrovsky 
(1975),  by  requiring  that  radial  Coriolis 
acceleration  be  less  than  10  percent  of  the 
centrifuge  acceleration,  gave  an  upper  bound  to 
the  dynamic  velocity  as:  v  <  O.OSur.  Also  by 
considering  the  motion  of  a  particle  under  the 
influence  of  Coriolis  acceleration,  Pokrovsky 
suggested  that  the  error  can  be  neglected  if  v>2ur 
for  high-velocity  events  (eg:  cratering  event). 
Thus  an  acceptable  range  of  velocity  according  to 
Pokrovsky  is  2  ur  <v  <  O.OSur*  The  Coriolis 
effect  is  unknown  in  the  intermediate  range  of 
velocities. 

In  order  to  evaluate  the  extent  of  Coriolis 
effect,  a  cohesionless  centrifuge  model  embankment 
subjected  to  an  earthquake  base  motion  in  the 
plane  of  rotation  is  analyzed  by  the  Newmark's 
sliding  block  method.  Goodman  and  Seed  (1966) 
have  shown  that  the  sliding  block  analysis  yields 
reasonable  predictions  for  the  earthquake  induced 
displacements.  The  analysis  assumes  that  the 
rigid  mass  begins  to  slide  down  the  slope  when  the 
earthquake  acceleration  exceeds  a  certain 
threshold  value  known  as  the  yield  acceleration. 


y 


The  movement  of  the  sliding  mass  upward  on  the 
slope  is  neglected. 

The  accelerations  and  forces  acting  on  the 
sliding  mass,  m,  are  shown  in  Fig.  2,  where 
u  •  angular  velocity  of  the  centrifuge;  a  * 
amplitude  of  earthquake  acceleration;  v  « 
amplitude  of  earthquake  velocity;  r  «  radius  of 
centrifuge  arm,  u  m  tan  4>  ;  $  -  friction  angle  of 
soil;  and  x,  x  and  V  are  displacement,  velocity 
and  acceleration  of  the  sliding  mass  respectively. 
Observe  that  2xw  is  the  Coriolis  acceleration 
caused  by  the  downhill  velocity  of  the  sliding 
mass  and  2uv  is  the  Coriolis  acceleration  due  to 
the  earthquake  velocity.  For  simplicity,  a 
sinusoidal  earthquake  motion,  a  -  Fg  sinuet  ,  is 


Figure  2.  Accelerations  and  Forces  Acting  on  the  Sliding 


Figuru  1.  Velocity  and  Acceleration  Components  of  a  Rotating  Hass,  m 
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FREQUENCY  (Hz) 

Fi gw*  6.  Errar  os  Accsleratios  for  Sl«f*  A*|N  35* 
mi  Friction  An(N  43.5*. 


SIMULATION  OF  A  VARIABLE  FREQUENCY  EARTHQUAKE 
NOTION  IN  A  CENTRIFUGE 

During  the  past  few  years  there  has  been  a 
considerable  development  of  the  technology  for 
earthquake  motion  simulation  in  a  centrifuge.  The 
range  of  predominant  frequencies  and  amplitudes  of 
commonly  used  design  earthquake  accelerations 
are:  fp  -  10  HZ  to  0.33  HZ  and  Fp  -  0.2g  to  0.6g 
as  high  as  l.Og.  The  corresponding  model  values 
of  f  and  F  at,  for  example,  lOOg  centrifugal 
acceleration  would  be:  fm  »  1000  HZ  to  33  HZ  and 
Fm  »  20g  to  60g  as  high  as  lOOg.  It  is  well  known 
that  the  frequency  content  of  earthquake  motion 
has  a  significant  influence  on  the  response  of 
structures.  Due  to  non-linear  stiffness 
properties  and  damping  of  soils,  it  is  further 
required  that  exact  prototype  dynamic  stresses  and 
strains  be  induced  in  the  corresponding  centrifuge 
model.  Thus,  it  is  apparent  that  it  would  be 
highly  desirable  to  have  the  capability  of 
reproducing  the  exact  shape  and  amplitude  of  any 
selected  arbitrary  motion  or  response  spectra  at 
the  base  of  centrifuge  bucket. 

Various  methods  of  earthquake  excitation  are 
presently  used  (4,7,8,13,20)  and  the  exact 
simulation  of  any  aribtrary  motion  can  not,  at  the 
present  time,  be  achieved  by  using  these  methods. 
A  critical  evaluation  of  the  merits  and 
limitations  of  the  existing  systems  can  be  found 
in  Reference  19,  and  the  discussion  here  would  be 
limited  to  the  piezoelectric  shaking  system  (4). 

A  piezoelectric  ceramic  element  is  an 
artifically  polarized  wafer  which  deforms  when  an 
electric  field  is  applied  across  its  surface.  The 
magnitude  of  the  strain  is  directly  proportional 
to  the  magnitude  of  the  applied  electric  field. 
The  range  of  displacement  can  be  extended  by 
stacking  several  piezoelectric  elements  together. 
A  piezoelectric  shaker-payload  box  system  is  shown 
in  Fig.  7.  Since  the  strain  is  related  to  the 
applied  electric  field,  the  motion  may  be 
controlled  by  varying  the  electrical  input.  The 
present  system,  however,  functions  on  the  basiB  of 
electrical  resonance  and  thus  the  input  signal 


NIC  XUOt  VIM  OF  Ftf  ZOeiCCTHIC  ITITIN  «HOW1NO  ATTACHMENT  OF  TH* 
FlttOM  ACTUATOR  TO  THE  FAYLOAD  WCWT  NOT  IMOBN  AMI  f TFFWNtC 
RIM  WHICH  AM  LOCO  TO  THE  ATTACHMENT  OAR  AN©  THE  ROT  TON  OF  T ME 
FAVLOAO  bucket 


must  be  a  sine  wave  with  a  certain  frequency  that 
matches  the  impedence  of  the  circuit  in  order  to 
give  rise  to  resonance.  The  required  shaking 
capability  is  obtained  when  the  system  is  at 
resonance.  The  system  can  easily  be  modified  to 
produce  any  arbitrary  earthquake  motion  by 
directly  inputing  a  voltage  of  any  arbitrary 
pattern.  A  large  capacity  power  supply  is 
required  in  this  case  to  obtain  the  required 
shaking  capability.  One  problem  associated  with 
this  method  is  that  the  dynamic  characteristics  of 
the  shaker-bucket-soil  model  syBtem  will  modify 
the  input  voltage  pattern  as  it  is  fed  through  the 
system  and  consequently  the  bucket  base  motion 
would  differ  in  shape  from  the  input  voltage. 
This  problem  can  be  overcome  by  using  the  methods 
of  system  identification  and  one  possible  method 
is  proposed  here. 


In  Figure  8,  the  shaker-bucket-model 
arrangement  represents  the  system  and  aj (t)  and 
a2  ft)  represent  respectively  the  input  voltage 
signal  to  the  piezoelectric  shaker  and  the  bucket 
base  acceleration. 


Figure  8.  The  Input  and  Output  Response 
of  Shaker-Bucket  Model  System 


Step  1 


In  the  analysis  presented  here,  the  system  is 
assumed  to  be  linear.  The  functions  g^ls)  and  g2(s) 
represent  the  Lapalce  transforms  of  aj(t)  and  a2(t) 
respectively;  i.e.; 

gjts)  -  L  (aj^t))  :  g  (s)  «*  L(a2(t)} 


The  transfer  function  of  the  system  can  be 
determined  knowing  the  impulse  response,  I(t)  as 
follows: 

T(s)  -  L  flit)} 


Then,  g2<s) 
and,  gjfs) 


-  T(s)  g, (s) 
t  92(s)  1 

T(s) 
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and  by  Inver sc  transform, 
-l.g2(s>, 


Vt(  “  L 


The  Impulse  response  can  be  derived  from  a  step 
response  as  follows: 

d_ 
dt 


I(t) 


Aft) 


It  Is  relatively  easier  to  apply  a  unit  step 
voltage  input  signal  than  an  impulse  signal.  In 
summary,  the  procedure  includes  the  following 
steps:  (1)  find  step  response  Aft) 
experimentally,  (2)  derive  I(t)  from  Aft),  (3) 
evaluate  T(s)  and  g2(s),  and  (4)  evaluate  a^ft)  by 
inverse  transform,  special  attention  should  be 
paid  to  any  possible  system  noise  and  when  T(s)  - 
0. 


Step  2 


Since  the  system  may  exhibit  some 
non-linearity  due  to  the  presence  of  soil  model 
and  the  possible  non-linear  nature  of  the  shaker 
and  bucket,  the  procedure  described  in  Step  1  may 
not  yield  the  required  results.  The  results  may 
be  improved  by  a  trail  and  error  procedure  as 
follows: 


The  input  motion,  a1(,t)  can  be  expressed  in  a 


fourier  series  as  follows: 


aj  (t) 


la 


sin  (<unt 


Let  a(t)  be  the  required  base  acceleration, 
and  s  (  u)  and  s  2(  “)  be  the  acceleration  response 
spectra  of  aft)  and  a2(t)  respectively.  The  input 


motion  a  ,(t)  is  modified  as  follows: 


Vt! 


where,  a 


S  ( con ) 


♦n> 


n  S2(wn) 


This  procedure  is  repeated 
reasonably  close  to  Sful. 


until  S  jf  w)  is 


The  entire  procedure  described  in  Step  1  and 
Step  2  can  be  carried  out  automatically  by  using  a 
suitable  computer  set  up.  It  should  be  recognized 
that  this  calibration  procedure  should  be  repeated 
for  different  centrifuge  tests  with  different 
models.  Nevertheless,  the  dynamic  characteristics 
of  the  system  .just  be  accounted  for  in  obtaining 
the  required  base  motion.  The  simplicity  and 
controllability  of  piezoelectric  shaker  system 
enable  the  system  identification  procedure  such  us 
the  one  proposed  here  to  be  performed  quite 
easily. 


A  preliminary  study  was  conducted  using  the 
piezoelectric  system  available  at  the  University 
of  California,  Davis.  A  comparison  between  the 
required  response  spectra  and  the  observed 
response  spectra  is  presented  in  Figure  9.  The 


test  was  performad  at  lg  leval  and  without  the 
payload.  The  apparent  good  comparison  indicates 
the  feasibility  of  adopting  the  proposed  method 
for  the  simulation  of  a  given  variable  frequency 
earthquake  motion  in  a  centrifuge. 


_L 


Figure  9. 


- - - B75 - 

PERIOD  (SECS) 

Corape. risen  Between  The  Observed  and 
Required  Spectral  Accelerations  at 
Base  of  Payload  Bucket. 
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The  centrifuge  modeling  technique  has  a 
tremendous  potential  for  experimentally 
determining  the  behavior  of  soils  and 
soil/strccture  interactions  under  dynamic  loading 
conditions.  Discussed  in  this  paper  are  two 
common  problems  encountered  in  the  simulation  of 
dynamic  events  in  a  centrifuge:  the  error  due  to 
Coriolis  accelerations  and  the  difficulties  of 
simulating  a  given  variable  frequency  earthquake 
motion  in  a  centrifuge. 


An  analysis  based  on  the  Newmark's  sliding 
block  method  was  carried  out  in  order  to  quantify 
the  effect  of  Coriolis  acceleration  on  the 
behavior  of  cohesionless  embankments  subjectad  to 
a  base  shaking.  It  was  shown  that  Coriolis 
acceleration  might  introduce  a  significant  error 
on  the  observed  behavior. 


A  method  of  simulating  a  variable  frequency 
earthquake  motion  in  a  centrifuge  is  proposed.  A 
preliminary  teat  was  conducted  using  n 
piezoelectric  shsker  system.  The  results  Indicate 
the  feasibility  of  simulating  a  given  variable 
frequency  motion  by  adopting  tha  proposed  system 
identification  procedure. 
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ABSTRACT 

A  model  test  series  was  conducted  to  verify  the 
design  of  a  barrier  around  a  large  geotechnical 
centrifuge.  Two  "worst  case"  parts  of  the  centrifuge 
were  assumed  to  detach  from  the  centrifuge  at  maximum 
speed.  The  model  tests  showed  the  harrier  to  be 
adequate  with  some  modifications  to  the  design.  The 
barrier  is  designed  to  resist  oblique  impact  of  irregularly 
shaped  steel  objects  of  5,000  and  20,000  lb  mass  with 
a  400-530  ft/s  horizontal  velocity.  The  impact  occurs 
near  the  free  surface  of  the  barrier.  It  is  argued  that 
physical  model  tests  are  particularly  useful  for  complex 
problems  where  analytical  methods  are  unavailable, 
inadequate,  or  unverified. 

INTRODUCTION 

A  model  test  series  has  been  conducted  to  evaluate 
the  adequacy  of  a  proposed  gravel  barrier  around  a  large 
geotechnical  centrifuge.  The  tests  were  conducted  for 
the  purpose  of  engineering  design,  and  they  were 
therefore  designed  to  provide  a  conservative,  rather  than 
accurate,  evaluation  of  the  barrier  adequacy.  The  results 
reported  here  show  an  example  of  the  use  of  model 
tests  to  assist  in  the  solution  of  practical  engineering 
problems,  where  available  calculation  methods  give 
inadequate  or  conflicting  results. 

A  large  centtifuge,  designed  to  train  astronauts, 
was  constructed  to  simulate  takeoff  and  landing  of  an 
Apollo  capsule  at  NASA  Ames  Research  Center,  Moffett 
Field,  California.  It  was  located  above  ground  directly 
adjacent  to  an  office  building.  Since  the  completion  of 
the  Apollo  project,  the  centrifuge  was  not  used.  NASA 
Ames  and  UC  Davis  then  commenced  on  a  project  to 
make  use  of  the  facility  by  modifying  it  to  provide  a 
facility  for  geotechnical  centrifuge  modeling.  The  drive 
motor,  power  supply,  buildings,  and  signal  slip  rings  could 
be  used  for  the  modified  centrifuge,  but  the  centrifuge 
rotor  arm  had  to  be  replaced  and  a  speed  increaser  was 
added  to  enable  testing  geotechnical  models  of  4  tons 
mass  at  up  to  300  g  accelerations  at  a  29  ft  radius. 

The  new  centrifuge  arm  is  much  more  massive  (it 
weighs  about  100  tons)  and  would  spin  at  much  higher 
velocities  (with  tip  speeds  of  530  ft/sec)  than  the  original 
arm  which,  of  course,  was  designed  to  carry  humans. 
This  raised  new  questions  regarding  the  safety  of 
personnel  in  the  adjacent  offices.  If  a  heavy  part  of 
the  new  centrifuge  were  to  fail  at  high  speed  it  would 


become  a  projectile  and  serious  damage  and  injury  could 
occur.  It  was  decided  that  a  barrier  wall  should  be 
constructed  aroind  the  centrifuge  that  would  contain  a 
"worst  case"  projectile.  Since  the  new  centrifuge  arm 
has  a  smaller  radius  than  the  old  arm,  it  was  proposed 
to  construct  a  g-avel  barrier  22  ft  thick  and  18  ft  high 
inside  the  existing  building  in  an  annulus  around  the 
centrifuge.  A  diagram  of  the  centrifuge  and  proposed 
barrier  is  shown  in  F’gure  1. 

A  report  by  Southwest  Research  Institute  (1983) 
identified  the  4,700  lb  counterweight  plates  with 
approximate  dimensions  of  6"  x  36"  x  102"  as  the  most 
dangerous  projectiles  in  terms  of  their  penetration 
capability.  Another  potentially  dangerous  object  is  the 
fully  loaded  swinging  platform  which  weighs  20,000  lbs, 
but  has  a  much  larger  cross-sectional  area.  If  is  roughly 
60"  x  74"  x  84"  with  an  irregular  shape. 

At  the  maximum  speed  of  the  centrifuge  (174  rpm) 
the  counterweight  plates  would  have  a  velocity  of 
402  ft/sec  and  the  swinging  platform  would  have  a 
velocity  of  530  ft/sec.  The  counterweight  and  platform 
would  impact  obliquely  at  30  and  45°  respectively  from 
the  normal.  They  also  would  impact  near  the  top  of 
the  barrier,  with  their  centroids  at  4.5  ft  and  6  ft  below 
the  sand  surface  respectively.  The  proximity  to  the 
surface  was  a  major  concern.  Would  the  projectiles 
veer  upward  and  escape  from  the  surface  of  the  gravel 
barrier?  Hopefully  they  would  stay  in  the  gravel  so 
that  we  could  take  advantage  of  the  full  barrier  thickness 
to  stop  them. 

Preliminary  calculations  based  on  empirical 
penetration  equations  proposed  by  Young  (1969)  were 
conducted  by  the  writer  and  other  calculation  procedures 
proposed  by  Backman  (1976),  and  Healey  et  al.  (1975) 
were  conducted  by  Baker  et  al.  (1983).  The  calculations 
resulted  in  widely  varying  evaluations  of  the  proposed 
barrier's  adequacy.  This  is,  no  doubt,  due  to  the  fact 
that  the  empirical  equations  were  being  used  to  predict 
penetration  of  centrifuge  parts  with  shapes,  sizes,  and 
velocities  very  different  from  the  projectiles  that  were 
tested  to  develop  the  empirical  equations.  Some  of  the 
equations  predicted  complete  perforation  and  others 
predicted  that  the  barrier  would  be  thick  enough.  But 
none  of  the  equations  accounted  for  the  proximity  of 
the  sand  surface.  They  were  primarily  based  on  data 
from  normal  (non-oblique)  impact  of  axisymmetric 
projectiles  downward  into  a  soil  layer. 
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Because  the  empirical  equations  could  not  be  relied 
upon,  it  was  decided  to  conduct  a  series  of  scale  model 
tests  that  could  account  for  the  three-dimensional  nature 
of  the  problem. 


of  the  gravel  in  the  barrier  was  scaled  down  in  the 
mode!  tests.  Monterey  #30  sand  was  used  to  simulate 
the  pea  gravel  that  was  selected  as  the  fill  for  the 
prototype  barrier. 


MODEL  TESTS 

Ideally,  scale  model  tests  of  geotechnical  structures 
should  be  conducted  on  a  centrifuge  in  order  to  properly 
simulate  self-weight  stresses  in  the  soil  mass.  Since 
the  centrifuge  was  not  yet  running,  we  could  not  do  the 
model  tests  there,  and  no  machine  large  enough  was 
conveniently  available.  We  therefore  decided  to  test 
the  modeis  in  earth's  gravity  using  a  6"  diameter  gas 
gun  at  NASA  Ames  Research  Center  to  project  scaled 
f  acsimilies  of  the  critical  centrifuge  parts  into  the  model 
bar.iers.  A  total  of  twe’ve  tests  were  conducted. 

Apparatus 

Figure  2  straws  the  general  test  setup  and  Figure  3 
shows  the  dimensions  of  the  model  and  prototype 
centrifuge  parts.  Referring  to  the  numbers  on  Figure  2, 
the  projectiles  (1)  were  loaded  into  an  aluminum 
cylindrical  sabot  (2)  that  fit  like  a  bullet  shell  in  the 
6"  diameter  gun  barrel  (3).  Mylar  diaphragms  (4,3) 
allowed  evacuation  of  the  barrel.  The  pressure  chamber 
(6)  was  then  clamped  to  the  barrel  and  pressurized  to 
between  50  and  200  psi  depending  on  the  desired 
projectile  velocity.  After  starting  the  video  (7)  and  high 
speed  movie  cameras  (8),  the  diaphragm  (5)  was  broken 
by  a  hot  wire  and  the  pressure  accelerated  the  model 
projectile  down  the  barrel  and  through  diaphragm  (4). 
The  sabot  stripper  (9)  stopped  the  sabot  but  allowed  the 
projectile  to  escape  the  barrel.  The  projectile  then 
broke  the  break  wires  (10)  which  allowed  determination 
of  the  projectile  velocity.  The  projectile  then  penetrated 
the  model  barrier  (11)  with  the  event  being  monitored 
by  the  movie  and  video  cameras. 

Details  of  Model  Barrier 

Figure  4  shows  a  model  barrier  wall.  The  scale 
for  the  tests  was  selected  to  be  as  large  as  possible 
subject  to  the  limitation  of  the  size  of  the  gun  barrel. 
For  the  tests  on  the  counterweight  the  scale  was  1/8 
of  full-scale  and  for  the  model  of  the  loaded  swing 
platform  the  scale  was  1/20. 

The  model  barrier  consisted  of  a  rectangular  box 
made  from  a  steel  frame  with  reinforced  concrete  front 
and  back  walls  to  represent  the  inner  concrete  block 
masonry  wall  and  the  original  building  wait.  The  walls 
were  cast  from  micro-concrete  with  embedded  wire  mesh 
reinforcement.  Two  layers  of  2"  x  3"  x  16  gauge  steel 
wire  mesh  were  used  in  the  1/8  scale  tests  while  for 
the  1/20  scale  tests,  an  appropriate  amount  of  20  gauge 
hexagonal  wire  mesh  (chicken  wire)  was  used  to  simulate 
the  prototype  reinforcing  bars.  Table  1  summarizes  the 
model  and  prototype  concrete  wall  dimensions.  For 
practical  reasons,  it  was  decided  that  the  curvature  of 
the  actual  wall  could  be  neglected  and  hence  the  model 
walls  were  cast  as  flat  plates.  However,  as  shown  in 
Figure  5,  the  angle  of  impact,  6,  and  the  thickness  of 
the  barrier  in  the  direction  of  the  projectile  velocity, 
i,  was  scaled  precisely.  As  shown  in  Figure  4,  the 
depth  of  sand,  d,  above  the  impact  point  was  also  scaled 
precisely.  The  projectiles  were  shot  so  they  would 
impact  with  the  minimum  frontal  area.  The  grain  size 


In  some  of  the  later  tests  a  heavily  reinforced 
concrete  slab  was  placed  on  top  of  the  sand  in  an 
attempt  to  deter  the  projectile  from  veering  upward  out 
of  the  sand.  The  model  and  prototype  dimension  of 
these  slabs  is  also  summarized  in  Table  1. 

TEST  RESULTS 

Tha  twelve  tests  that  produced  useful  data  are 
summarized  in  Table  2.  The  tests  at  1/8  scale  represent 
models  of  impact  of  the  counterweight  plates  and  the 
tests  at  1/20  scale  represent  models  of  impact  of  the 
swinging  platform.  Using  the  scale  factors  summarized 
in  Table  3  the  impact  velocities  should  be  identical  in 
model  and  prototype.  The  impact  velocities 
corresponding  to  full  centrifuge  speed  are  402  ft/sec 
and  530  ft/sec  for  the  counterweight  and  swinging 
platform  respectively.  Tests  in  Group  I 

(18C,19C,38,30,31  A)  represented  tests  of  the  final  safety 
barrier  design  with  a  concrete  cap  on  top  of  the  gravel. 
Tests  in  Group  II  (t3C,16C,37,37A)  represented  tests 
without  the  cap  on  top.  Tests  in  Group  III  (I7C.34.36) 
were  conducted  with  no  sand  fill. 

The  Group  II  and  III  tests  were  conducted  to 
determine  whether  an  incomplete  barrier  would  be 
adequate  for  containing  centrifuge  parts  at  less  than 
maximum  speed.  It  was  hoped  that  we  could  use  the 
centrifuge  at  iow  speeds  before  completion  of  the 
barrier.  The  Group  III  tests  suggest  (see  Table  2)  that 
a  maximum  counterweight  speed  of  102  ft/sec  may  be 
permissible,  even  without  any  fill,  but  this  only 
corresponds  to  a  centrifugal  acceleration  of  about  20  g. 
Test  37 A  in  Group  II  illustrated  that  without  a  concrete 
slab  on  top  of  the  barrier,  the  counterweight  may  escape 
if  it  veers  upward  with  an  impact  velocity  as  low  as 
260  ft/sec  (which  corresponds  to  only  125  g). 

Group  1  Test  Results 

The  mode  of  behavior  during  impact  of  the 
counterweight  plate  models  into  a  barrier  with  fill  and 
a  slab  on  top  was  the  punching  of  a  hole  in  the  front 
wall  and  then  veering  through  the  sand  in  a  direction 
determined  by  its  orientation  at  impact.  The  projectile 
then  either  escaped  the  barrier  surface,  impacted  the 
back  wall,  or  came  to  a  stop  near  the  back  wall.  The 
back  wall  often  cracked  but  very  little  spalling  occurred. 
As  the  projectile  entered  the  sand  the  entire  slab  that 
covered  the  gravel  developed  cracks  as  it  lifted  about 
6"  off  the  sand  surface. 

The  tests  at  1/20  scale  of  the  Impact  of  the  swing 
platform  yielded  a  different  type  ot  behavior.  A  large 
hole  was  broken  out  of  the  front  wall  and  the  projectile 
decelerated  much  more  rapidly.  The  model  concrete 
caps  were  blown  vertically  off  the  top  of  the  sand  and 
were  followed  by  the  model  projectiles  which  then 
escaped  with  a  low  vertical  velocity  and  almost  no 
horizontal  velocity.  The  back  walls  were  distorted  in 
bending  over  a  Itrge  area  and  extensive  cracks  appeared, 
but  it  was  not  perforated.  The  concrete  caps  and  the 
projectiles  raised  about  2  to  5  ft  in  the  air  and  then 
fell  down. 
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All  of  the  tests  indicate  that  if  the  projectile  veers 
downward,  the  model  barrier  is  adequate.  It  was  intended 
that  the  model  projectiles  impact  without  an  upward  or 
downward  tilt.  However,  observations  of  data  from  the 
high  speed  cameras  showed  that  there  was  a  small 
random  tilting  cf  model  projectiles  of  +10®,  and  this  tilt 
was  responsible  for  the  tendency  of  the  counterweight 
model  projectiles  to  veer  up  or  veer  down  in  the  sand. 
If  the  projectiles  had  a  downward  angle  of  attack  they 
veered  down  in  the  sand  and  vice  versa.  Two  tests  of 
the  counterweight  impact  into  a  capped  barrier  were 
conducted  for  which  the  model  projectiles  had  an  upward 
angle  of  attack  on  impact  (tests  19C  and  38).  Test  19C 
had  an  mdersized  concrete  cap  which  allowed  the 
projectile  to  barely  escape  with  a  very  low  velocity. 
Test  38,  however,  had  a  properly  sized  concrete  cap  and 
this  resulted  in  satisfactory  containment  for  an  impact 
velocity  of  398  ft/scc  which  was  very  close  to  the 
desired  velocity  of  <>02  ft/sec. 

INTERPRETATION  OF  RESULTS 

The  model  tests  suggest  that  the  barrier  design  is 
adequate,  but  perhaps  marginally  so.  It  is  therefore 
necessary  to  show  that  the  models  represent  a 
conservative  simulation  of  the  prototype  barrier.  In 
summary,  the  tests  on  the  final  barrier  configuration 
(Group  I)  gave  some  results  that  required  further  analysis: 

1)  In  the  1/8  scale  test  18C  the  counterweight  model 
did  escape  (albeit  with  a  low  velocity). 

2)  In  the  1/8  scale  test  38  the  bar.*  wall  was  damaged. 

3)  In  the  1/20  scale  tests  30  and  31  A,  the  model  swing 
platforms  escaped  and  the  conci  ete  slab  on  the  sand 
surface  were  blown  vertically  off  the  sand  surface. 

The  above  concerns  are  answered  in  the  following 
sections. 

Undersized  Slab  in  Test  18C 

Tests  ISC  and  19C  were  conducted  using  an  ad  hoc 
arrangement.  While  the  front  and  back  walls  were  of 
properly  scaled  thickness,  tno  back  wall  was  made  from 
two  separate  slabs  and  the  cap  was  made  from  a  slab 
that  was  meant  to  be  a  front  wall  an d  hence  a  significant 
portion  of  the  surface  was  not  covered.  The  paths  of 
the  projectiles  is  approximately  shown  in  Figure  6.  In 
test  18C  the  projectile  impacted  with  a  downward  angle 
of  attack  and  buried  itself  safely  in  the  barriers. 

In  test  19C  the  projectile  exhibited  an  uncanny 
attraction  toward  the  path  of  least  resistance.  The 
projectile  was  tilled  upward  on  impact,  it  veered  up  and 
out  of  the  uncapped  area  of  the  sand.  It  then  squeezed 
through  the  crack  between  the  two  back  walls  breaking 
the  edges  of  each  back  wall  slab  without  tearing  a  bit 
of  the  reinforcing  wire. 

In  test  38  a  properly  sized  cap  and  back  wall 
successfully  contained  a  model  counterweight  during  a 
similar  impact.  This  indicated  that  the  escape  of  the 
projectile  in  test  19C  would  have  been  prevented  if  a 
properly  sized  cap  was  used. 


Damage  to  Back  Walls 


In  many  tests,  the  exterior  concrete  walls  were 
damaged.  This  if  a  major  concern  since  the  centrifuge 
rotunda  is  directly  adjacent  to  an  office  building.  The 
damage  consisted  of  extensive  cracking  over  a  large 
length  of  the  wall  but  very  little  spalling.  This  suggests 
that  the  gravel  successfully  distributes  the  load  over  a 
large  area,  which  tends  to  cause  a  bending  failure  of 
the  outer  wall  rather  than  perforation  or  spalling. 


The  damage  to  the  outer  wall  consisted  of  cracking 
and  in  one  case  (test  38)  the  projectile  actually  struck 
the  back  wall  and  a  few  small  chunks  of  concrete  spalled 
off  the  back  wall  without  breaking  any  cf  the  re-bar  in 
the  wall.  However,  it  can  be  strongly  argued  that  tire 
penetration  resistance  of  sand  or  gravel  depends  on  the 
confining  pressure.  Since  the  models  were  tested  at 
reduced  scale,  the  confining  pressures  in  the  tests  were 
much  lower  than  those  in  full-scale  structure.  The 
strength,  stiffness,  and  shear  wave  velocity  will  all  be 
higher  in  the  prototype  barrier.  All  of  the  above  factors 
would  tend  to  cause  the  hardness  and  safety  provided 
by  the  prototype  gravel  fill  to  be  greater  than  the  model 
sand. 


The  influence  of  scale  effects  and  the  above 
arguments  are  supported  by  data  from  Schmidt  (1980) 
who  conducted  impact  tests  at  1  g  and  on  a  centrifuge 
at  elevated  accelerations.  He  conclusively  showed  that 
for  high  velocity  impact,  crater  dimensions  (both  depth 

and  radius)  varied  in  proportion  to  L(^)8,  where 

0.146  <  B  <  0.21  and  L  is  a  characteristic  dimension 
of  the  projectile.  In  other  words,  if  L  is  reduced  by  a 
factor  N  and  g  is  increased  (as  in  centrifuge  modeling) 
by  a  factor  N,  then  the  crater  radius  will  be  reduced 
by  the  same  factor  N,  and  proper  modeling  is  achieved. 
However,  if  g  is  not  increased,  the  crater  dimensions, 
r,  in  the  model  would  differ  from  perfect  scaling  by  a 


factor  of  N  . 


Adopting  B  -  0.17  as  a  value  intermediate  between 
the  extremes  measured  by  Schmidt  and  assuming  this 

(N8)  error  factor  would  apply  to  the  barrier  wall  model 
tests  at  1/8  to  1/20  scale,  we  expect  an  error  in  crater 


dimensions  in  the  models  by  a  factor  of  8 


=  1.42 


and  20 0,17  =  1.66  respectively. 


In  a  properly  scaled  model  test,  all  dimensions 
should  scale  by  the  same  factor.  ’Ve  therefore  expect 
penetration  distances  to  be  in  error  by  a  similar  factor, 
and  hence,  we  expect  prototype  penetrations  to  be  about 
42%  and  6b%  smaller  than  those  directly  scaled  up  from 
the  model  tests  at  1/8  and  1/20  scale  respectively. 


It  should  be  noted  that  Schmidt's  findings  were 
based  on  hyper-velocity  impact  (6,000  to  81,000  ft/sec) 
much  higher  than  our  maximum  centrifuge  velocity  of 
about  500  ft/sec.  It  is  known  that  as  velocity  decreases, 
target  density  becomes  less  important  and  target 
strength  becomes  more  important. 


Newton's  law  of  motion  applieo  to  the  projectile 


R(v)  =  m 


•v-y-v-V'V-p 


'.V.vV- 
s.-  ■/ 
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where  R(v)  is  the  drag  force  as  a  function  of  velocity 
and  m  is  the  projectile  mass.  Allen  et  ai  (1957) 
suggested  that  R(v)  could  be  expressed  as 


1)  The  swing  platform  models  decelerated  much  more 
rapidly  than  the  counterweights  since  they  had  a 
much  larger  frontal  area  and  a  lower  density. 


R(v) 

m 


av 


+  Bv  +  y 


2)  The  concrete  walls,  without  gravel  fill  caused  a  very 
small  drop  in  velocity  of  the  counterweight  models. 


where  a,  8,  and  y  are  constants  that  depend  on  the 
projectile  shape,  size,  and  soil  properties.  The  first 
2 

term  (ow  )  is  related  to  momentum  transfer  and  particle 
crushing.  The  $v  term  Is  related  to  viscous  effects 
which  are  small  for  sands.  And  the  y  term  Is  related 
to  strength  of  the  barrier.  It  is  apparent  that  at  high 
2 

speeds,  the  ocy  term  will  dominate  and  at  low  speeds 
the  y  term  will  dominate.  Since  sand  strength  depends 
on  overburden  and  confinement,  the  y  term  will  be  less 
significant  in  our  model  tests  than  in  the  prototype. 

Data  from  Schmidt  (1980)  and  the  above  arguments 
prove  that  the  model  tests  are  conservative  from  the 
point  of  view  of  penetration  resistance.  Hence,  it  is 
concluded  that  though  the  damage  to  the  back  wall  in 
the  model  tests  was  only  marginally  acceptable,  the 
inherent  conservatism  of  the  model  tests  indicates  that 
the  prototype  barrier  is  adequate. 


Scaling  Trajectories  After  Impact 

The  test  results  from  the  1/20  scale  tests  raised 
concern  due  to  the  relatively  high  trajectories  of  the 
model  concrete  cap  and  the  model  projectiles  after 
impact.  However,  the  trajectories  of  objects  cannot  be 
simulated  in  scale  lest  at  1  g. 


Consider  an  object  in  the  prototype  with  a  vertical 
velocity  v.  According  to  the  modeling  laws  summarized 
in  Table  3,  the  velocity  in  the  model  is  the  same  as 
the  velocity  in  the  prototype.  Since  they  both  exist  in 
a  1  g  environment  the  prototype  and  model  objects  will 


both  re^ch  an  altitude  of  h 


This  presents  a 


contradiction  in  the  scaling  for  tests  at  1  g.  The  scaling 
law  for  i eng  tii  should  be  that  h  in  the  model  is  N  times 
smaller  than  h  in  the  prototype,  however,  the  height  of 
a  trajectory  of  a  flying  object  will  be  the  same  in  model 
and  prototype  if  velocities  and  g  are  the  same  in  model 
and  prototype.  So,  it  is  expected  that  since  the  model 
projectiles  in  tests  30  and  3IA  escaped  with  a  vertical 
velocities  of  20  and  10  ft/sec  respectively,  the  prototype 
projectiles  would  escape  with  a  similar  vertical  velocity. 
The  height  of  both  the  model  and  prototype  trajectories 
would  be  h  =  8  ft  and  2  ft  for  v  =  20  ft/sec  and 
10  ft/sec  respectively.  While  this  height  of  climb  results 
in  complete  escape  of  the  mode)  projectiles,  a  similar 
climb  would  not  a'low  the  prototype  projectiles  to 
escape,  since  the  impact  point  for  the  prototype  barrier 
is  about  7  ft  below  the  barrier  surface. 


3)  Test  37  shows  a  significant  reduction  in  the 
deceleration  at  the  end  of  the  data  shown.  This  is 
probably  caused  by  the  fact  that  the  projectile  was 
approaching  the  surface  of  the  barrier,  and  there 
was  no  concrete  cap. 

CONCLUSIONS 

A  set  of  model  tests  has  been  conducted  to  evaluate 
the  adequacy  of  a  safety  barrier  to  resist  impact  of 
high  speed  parts  of  a  large  geotechnical  centrifuge  in 
case  of  accident.  The  tests  confirmed  the  adequacy 
provided  that  one  modification  was  made.  That  is,  a 
concrete  slab  should  be  placed  on  the  gravel  fill  to 
prevent  escape  from  the  sand  surface  and  to  increase 
penetration  resistance. 

The  tests  represent  an  example  of  the  use  of  model 
tests  to  assist  in  the  design  of  engineering  structures. 
The  use  of  model  tests  in  design  is  particularly  helpful 
in  problems  for  which  analytical  solutions  are  unreliable 
or  unavailable.  The  oblique  impact  of  irregularly  shaped 
projectiles  parallel  to  a  nearby  free  surface  is  a  highly 
three-dimensional  dynamic  problem  for  which  available 
analytical  solutions  are  wholly  inadequate. 

As  many  features  were  incorporated  in  the  model 
testa  as  practical.  Two  "most  dangerous"  centrifuge 
parts  were  identified  as  potential  projectiles.  They  were 
fired  at  an  oblique  angle  near  the  surface  of  the  barrier. 
The  inherent  rotation  of  the  projectiles  before  impact 
was  ignored,  and  the  projectiles  were  shot  into  the  model 
barriers  with  minimum  frontal  area. 

The  use  of  physical  model  tests  for  design  should 
be  similar  in  philosophy  to  the  use  of  analytical  methods 
in  design.  That  is,  while  conservative  assumptions  are 
made  when  carrying  out  calculations,  conservative 
facsimilies  of  the  prototype  should  also  be  used  in  the 
model,  material  strengths,  dimensions,  and  the  failure 
models  tested  should  represent  "worst  case"  conditions. 
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Table  1 

SOME  MODEL  DIMENSIONS 
(refer  to  Fig.  4  for  definition  of  tj.t^.tj.d) 


Test 

*1 

‘2 

*3 

d 

Group  I 

18C,  19C 

1.75 

1.75 

1.75 

6.75 

38 

1.75 

1.45 

1.0 

6.75 

30 

0.70 

0.58 

0.44 

3.6 

31 A 

0.70 

0.58 

0.60 

3.6 

Group  II 

15C,  16C 

1.75 

1.75 

- 

6.75 

37,  37 A 

1.75 

1.45 

- 

6.75 

Group  III 

17C 

1.75 

1.75 

- 

- 

34,  36 

1./5 

1.45 

- 

- 

Table  2 

SUMMARY  OF  TESTS 


Shot 

* 

Impact 

Velocity 

(ft/sec) 

Scale 

Factor  Remarks 

Tests 

with  concrete  cap  (Group  I) 

18C 

420 

1/3 

Veered  down,  contained 

19C 

380 

1/8 

Veered  up,  barely,  escaped, 
undersized  concrete  cap 

38 

398 

1/8 

Veered  up  slightly,  damaged 
back  wall,  contained 
i  Escaped  with  low  vertical 

30 

545 

1/20 

[  velocity,  almost  no  horizon- 

31 A 

525 

1/20 

|  tal  velocity  back  wall 

'  cracked,  no  spalling 

Tests  with  sand  fill  but  no  cap  (Group  II) 

15C 

360 

1/8 

Veered  up,  missed  short 
back  wall,  escaped 

16C 

390 

1/8 

Veered  down,  contained 

37 

300 

78 

Veered  down,  contained 

37A 

260 

1/8 

Veered  up,  not  contained 

Tests  with  no 

sand,  just  concrete  walls  (Group  III) 

17C 

350  380 

1/8 

Sailed  through,  tore  steel 
guard  plate 

34 

135 

1/8 

Veered  up,  missed  short 
back  wall,  escaped 

36 

102 

1/8 

Contained  but  damaged 
back  wall 

Table  3 

SCALE  FACTORS  FOR  MODEL  TESTS 


Dimension 

Model  Dimension 
Prototype  Dimension 

Mass 

1/N3 

Density 

1 

Length 

1/N 

Velocity 

1 

Acceleration 

N 

Gravity 

I 

Strength  of  Concrete 

1 

Figure  1.  Cross-section  of  National  Geotechnical  Centr.'jge  and  proposed  barrier  wall. 
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ABSTRACT 

The  complex  problem  of  the  reaction  of  a 
buried  structure  to  loads  applied  at  the  ground 
surface  is  studied  using  physical  modeling  in  a 
geotechnical  centrifuge.  Centrifuge  testing 
provides  the  opportunity  to  collect  performance 
data  on  scale  models  of  buried  structures  under 
conditions  simulating  the  prototype,  since  the 
increased  body  forces  in  the  centrifuge  model 
make  it  possible  Co  simulate  the  self-weight 
Induced  stresses  that  control  the  stiffness  and 
strength  of  the  soil.  The  data  collected  by 
centrifuge  testing  under  controlled  laboratory 
conditions  are  used  as  the  basis  for  calibrating 
ituniei'lcal  models  in  which  a  major  input  component 
is  the  constitutive  properties  of  the  soil. 

The  centrifuge  experiments  ere  conducted  in 
the  10  g-ton  machine  at  the  University  of  Colora¬ 
do.  A  four-inch  diameter  pipe  is  tested  at  50  g, 
representing  a  I /50-th  scale  model  of  t  horizontal 
missile  shelter.  The  ttodel  is  Instrumented  with 
strain  gages  to  measure  the  stresses  in  the  pipe 
and  with  LVDT's  to  measure  the  pipe  deflections. 
The  behavior  of  the  test  model  under  surface 
applied  pressure  is  described. 


INTRODUCTION 

In  geotechnical  engineering,  the  deformations 
and  stability  of  structures  built  In,  and  of, 
earth  materials  are  of  primary  concern.  In  the 
analysis,  design  and  construction  of  earth  struc¬ 
tures,  the  conventional  approach  employs  the  fol¬ 
lowing  steps: 

{  t )  Investigate  the  site  conditions. 

yl)  Obtain  material  properties  from  field 

testing  or  laboratory  testing  of  repre¬ 
sentative  samples. 

(3)  Cant  the  material  properties  into  cons¬ 
titutive  models  suitable  for  incorpora¬ 
tion  into  anclysis. 

(4)  Perform  the  analysis,  usually  in  a  num¬ 
erical  fashion,  for  the  prediction  of 
the  response  of  the  structure  being 
designed. 

(5)  Evaluate  the  adequacy  of  the  design  on 
the  basis  of  pest  experience  with  simi¬ 
lar  structures  and  modify  the  design  as 
necessary. 


(6)  Construct  the  structure  according  to  an 
acceptable  design. 

In  spite  of  the  sophistication  in  computer 
modeling  techniques,  the  predictions  made  ofteu 
prove  inadequate,  primarily  due  to  a  poor  under¬ 
standing  and  representation  of  the  complex  consti¬ 
tutive  properties  of  earth  materials  which  exhibit 
nonlinear,  time-dependent  and  inelastic  behavior. 
Calibration  of  proposed  constitutive  models  and 
the  methods  of  analysis,  by  comparing  predictions 
against  measured  prototype  structural  response,  is 
often  hampered  by  a  poor  understanding  of  the  site 
characteristics  including  the  local  geology  and, 
more  Importantly,  by  the  high  coats  and  grave 
consequences  Involved  in  loading  a  structure  to 
failure. 

Structures  with  economic  or  safety  impor¬ 
tance,  such  as  earth  dams,  underground  facilities, 
nuclear  power  plants,  or  offshore  drilling  plat¬ 
forms,  and  structures  with  defense  applications, 
such  as  missile  silos,  are  often  unique  in  design 
because  of  the  prevalent  site  conditions  and 
unprecedented  loading  conditions.  In  dealing  with 
these  structures,  there  is  usually  a  scarcity  of 
data  on  similar  prototype  structures  that  have 
been  built  and  monitored  to  provide  a  guidance  to 
the  selection  of  the  proper  design.  This  problem 
becomes  much  more  acute  in  situations  where  dynam¬ 
ic  loadings  are  Involved,  such  as  blast  and  earth¬ 
quake  excitation. 

The  difficulty  can  be  largely  overcome  by 
model  testing,  as  is  traditionally  carried  out  in 
hydraulic  engineering  and  in  the  aircraft  indus¬ 
try.  The  laws  of  similitude  must  be  followed  if 
model  testing  is  to  piovlde  meaningful  results. 

For  geotechnical  structures,  the  primary  loading 
function  is  derived  from  the  self  weight  of  the 
msterial3.  In  addition,  the  behavior  of  soil 
materials  is  stress  dependent,  making  it  necessary 
to  simulate  the  stress  level  in  soil  masses  if  the 
correct  structural  response  la  desired.  To  simu¬ 
late  correctly  the  stresses  in  the  pretotype,  a 
geometrically  similar  model  must  be  subjected,  in 
a  centrifuge,  to  an  increased  gravity  whose  ratio 
to  earth's  gravity  is  the  inverse  of  the  length 
scale  by  which  the  model  is  scaled  down  from  the 
prototype.  And  if  the  same  prototype  material  is 
used  in  the  model,  the  same  strains  will  be 
obtained  in  the  model  as  in  the  prototype.  The 
full  structural  response  wil,.  then  be  observed. 
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There  are  many  other  advantages  in  testing  scaled 
centrifugal  models;  for  example,  the  time  scale 
for  diffusion  phenomena  such  as  consolidation  and 
heat  conduction  is  reduced  by  a  factor  of  n2, 
where  n  is  the  gravity  ratio,  and  the  forces 
required  for  loading  are  also  similarly  reduced. 

On  the  other  hand,  the  time  scale  for  dynamic 
phenomena  is  reduced  by  a  factor  of  n. 

In  order  to  model  actual  prototypes  which  are 
sometimes  quite  large,  centrifuges  of  a  very  large 
capacity  may  be  required.  The  high  costs  involved 
with  maintaining,  and  testing  in,  such  facilities 
make  it  Impractical  to  base  our  design  procedures 
entirely  on  the  findings  of  centrifuge  modeling. 

On  the  other  hand,  if  centrifuge  modeling  is 
employed  in  conjunction  with  constitutive  modeling 
and  numerical  analyses,  it  becomes  possible  to 
utilize  the  centrifuge  test  results  as  a  basis  for 
calibrating  the  numerical  modeling.  As  illustra¬ 
ted  in  Fig.  1,  the  numerical  modeling  technique 
can  be  first  applied  to  predict  the  behavior  of 
centrifuge  models  by  duplicating  all  the  details 
in  the  latter,  including  the  material  properties, 
and  boundary  and  loading  conditions.  Only  after 
satisfactory  verification  of  the  accuracy  of  the 
numerical  modeling  technique  has  been  obtained 
through  comparison  with  the  centrifuge  test  data 
will  it  be  applied  Lj  full  scale  structures,  in 
adopting  this  philosophy,  the  question  of  utiliz¬ 
ing  a  very  large  centrifuge  is  bypassed,  although 
it  is  still  necessary  to  maintain  a  reasonable 
resemblance  to  the  types  of  problems  being  studied 
by  employing  centrifuges  of  a  sufficient  capacity 
to  reach  the  stress  levels  experienced  by  the 
prototypes  under  consideration. 

MODELING  OF  BURIED  STRUCTURES 

Behavior  of  buried  structures  is  governed  by 
the  interaction  between  the  soil  and  the  struc¬ 
ture.  For  instance,  if  a  pipe  buried  in  the 
ground  deflects  against  the  surrounding  soil,  the 
resisting  soil  pressure  increases  as  a  function  of 
deflection  and  cannot  be  predetermined  without 
analyzing  the  combined  interaction  of  the  two 
components.  Soil-structure  interaction  analysis, 
particularly  under  dynamic  loads  derived  from  a 
surcharge,  or  stress  waves  propagating  from  a 
ground  shock  nearby  or  from  earthquake  excitation, 
is  a  complex  undertaking  and  requires  considera¬ 
tion  of  the  properties  of  both  the  soil  and  the 
pipe  material  as  well  as  the  interface  conditions 
between  the  two.  Many  computer  codes  have  been 
developed  for  such  analyses,  e.g.,  the  CANDE  code 
for  static  analysis,  and  numerous  codes  used  in 
the  defense  industry  for  analyzing  ground  shock 
loading  on  underground  missile  silos.  The 
accuracy  of  these  analyses  can  best  be  verified  by 
comparison  with  measurements  on  the  full  scale 
prototype.  However,  as  mentioned  previously,  such 
measurements  are  often  difficult  and  costly,  for 
instance,  whan  explosive  loading  is  involved.  On 
the  other  hand,  measurements  taken  on  reduced 
scale  models  tested  under  normal  gravity  can  be 
misleading  because  the  stress  level  due  to  loading 
by  the  soil's  self  weight  is  not  properly 
simulated. 


It  would  seem  reasonable,  then,  to  expect 
centrifugal  modeling  to  provide  an  attractive  al¬ 
ternative  for  gathering  data  for  validating  analy¬ 
tical  results.  Centrifugal  test  results  can  be 
obtained  to  a  high  degree  of  accuracy,  especially 
by  employing  the  modeling  of  models  technique  in 
which  several  models  of  different  scales  are  used 
to  model  the  same  “prototype"  by  testing  them  at 
the  respective  gravity  level  to  bring  each  into 
similitude  with  the  prototype  and  with  each 
other.  By  exercising  the  analytical  procedure, 
whether  in  closed  form  or  by  numerical  solution 
(e.g.,  finite  elements,  finite  difference,  or 
boundary  Integral  methods),  to  analyze  the  centri¬ 
fuge  test  in  the  exact  manner  by  duplicating  the 
boundary  and  loading  conditions  as  well  as  the 
material  properties,  then  the  accuracy  of  the  ana¬ 
lytical  procedure  can  be  verified  against  the 
centrifuge  test  results. 

Based  on  the  above  philosophy,  a  research 
program  has  been  started  to  develop  techniques  of 
testing  models  of  burled  structures  in  a  geotech¬ 
nical  centrifuge  under  static  and  dynamic  load¬ 
ings.  Concurrent  with  the  centrifuge  testing 
program  are  efforts  to  model  the  constitutive 
behavior  of  the  soli  used  in  the  experiments  and 
to  numerically  model  the  experiments.  The  primary 
objective  is  to  collect  the  necessary  data  on  the 
performance  of  burled  structures  so  as  to  identify 
the  pertinent  features  of  behavior  and  to  validate 
the  accuracy  of  the  available  computer  codes. 

This  paper  gives  a  progress  report  of  these  re¬ 
search  efforts. 

EXPERIMENTAL  PROGRAM 

The  experimental  program  of  centrifuge  test¬ 
ing  is  designed  on  the  premise  of  modeling  a  hori¬ 
zontal  missile  shelter  with  a  16.7  ft.  O.D.  and 
buried  8.3  ft.  below  the  ground  surface.  Using  a 
length  scale  of  50,  the  configuration  shown  in 
Fig.  2  is  adopted  for  the  centrifuge  tests  to  be 
carried  out  at  50  g  in  the  10  g-ton  geotechnical 
centrifuge  at  the  University  of  Colorado. 

This  centrifuge  has  a  radius  of  53.5  in.  to 
the  surface  of  the  swing  basket  which  can  carry  a 
payload  measuring  18  in.  by  18  in.  in  base  dimen¬ 
sions.  Its  rated  capacity  allows  a  200  lb.  pay- 
load  to  be  accelerated  to  100  g.  It  has  56  elec¬ 
trical  slip  rings  for  power  and  instrumentation 
signal  transmission,  and  2  hydraulic  rotary  joints 
for  hydraulic  or  pneumatic  power  and  fluid  trans¬ 
mission.  The  experiment  is  monitored  by  inflight 
closed  circuit  television  and  on-board  still 
photography  under  remote  control. 

The  size  of  the  payload  shown  in  Fig.  2  is 
governed  by  the  available  space  on  the  centrifuge 
basket.  The  presence  of  the  soil  container  boun¬ 
daries  on  the  soil  mass  nay  not  be  representative 
of  prototype  conditions,  but  are  easily  duplicated 
in  any  analysis  (e.g.,  finite  elements)  of  the 
experiment.  In  fact,  the  possibility  of  exactly 
duplicating  the  boundary  conditions  allows  for  the 
close  scrutiny  of  the  performance  of  the  numerical 
algorithm  and  the  constitutive  model  in  the  analy- 
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sis.  Similarly,  the  choice  of  the  pipe  thickness 
for  these  experiments  might  not  simulate  the 
actual  conditions  in  the  prototype  missile  shel¬ 
ter,  but  it  allows  the  soil-structure  interaction 
aspects  of  the  experiment  to  be  fully  exploited. 
Future  experiments  on  thicker  pipes  can  be  easily 
conducted  by  using  the  methodology  described 
herein. 

The  soil  used  in  these  experiments  was  a  typ¬ 
ical  silty,  clayey  sand  found  in  the  valleys  in 
the  Nevada  desert.  This  soil  had  been  previously 
used  in  missile  site  selection  studies  such  that 
its  basic  mechanical  properties  are  already  avail¬ 
able. 

The  model  pipe  was  made  of  an  aluminum  sheet, 
bene  and  soldered  along  a  longitudinal  seam.  The 
total  length  of  the  pipe  was  15.9  in.,  leaving 
0.05  in.  of  gap  from  the  end  walls  of  the  soil 
container.  As  shown  in  Fig.  3,  11  pairs  of  strain 
gages  were  placed  around  the  pipe  at  the  mid¬ 
section,  to  measure  the  strains  developed  on  the 
Inside  and  outside  surfaces  of  the  pipe  due  to 
surface  loading.  The  gages  were  located  at  spac- 
lngs  of  18°  or  one  side  of  the  pipe,  and  symmetry 
is  assumed.  In  addition,  12  LVDT's  were  used  to 
measure  the  deflections  of  the  pipe.  They  were 
mounted  on  a  strong  rod  which  was  anchored  on  the 
end  walls  of  the  soil  container  and  was,  there¬ 
fore,  independent  of  the  movement  of  the  pipe. 
These  LVDT's  were  aligned  radially  in  order  to 
detect  the  radial  deflections,  and  were  spaced  all 
around  the  pipe  in  several  longitudinal  sections 
near  the  raid-plane  of  the  pipe.  However,  by 
assuming  symmetry  and  by  neglecting  end  effects, 
the  12  deflections  measured  by  the  LVDT's  are 
Interpreted  as  if  they  were  obtained  on  one  side 
of  the  pipe  in  one  single  section.  Under  such 
Interpretation,  the  LVDT  locations  used  in  the 
experiments  are  shown  in  Fig.  3. 

The  Interaction  between  the  soil  and  the 
buried  pipe  is  influenced  by  the  embedment  condi¬ 
tions  around  the  pipe.  To  simulate  construction 
conditions  in  the  field,  the  soli  used  in  these 
centrifuge  experiments  was  statically  compacted  in 
layers  to  95%  compaction.  The  soil  sample  was 
prepared  ii  two  halves,  separated  at  the  level  of 
the  springline  of  the  pipe.  A  special  soil  cut¬ 
ting  tool  was  used  to  carve  out  a  semi-cylindrical 
trough  in  each  half,  so  that  when  the  two  halves 
were  put  together  a  cylindrical  opening  was  formed 
to  accommodate  the  4-in.  diameter  pipe  with  a  snug 
fit.  Successive  experiments  on  samples  prepared 
in  this  fashion  produced  repeatable  results, 
indicating  this  procedure  to  be  successful. 

The  loading  was  applied  to  the  soil  surface 
by  pneumatically  pressurizing  a  silicon  rubber 
membrane  confined  within  a  metal  frame  which  was 
mounted  on  the  soil  container,  as  shown  in  Fig. 

2.  In  the  experiments  conducted  so  far,  the  pres¬ 
sure  was  ipplled  over  a  2.9-in.  wide  strip  of  the 
surface  symmetrically  directly  over  the  pipe  loca¬ 
tion.  Variations  of  this  loading  to  Include  asym¬ 
metrical  loading  will  be  used  in  future  experi¬ 
ments.  This  loading  was  statically  applied  in 


steps.  Methods  of  dynamic  loading  are  also  being 
developed  for  future  use. 

Signal  conditioning  units  for  the  LVDT's  and 
strain  gages  wore  mounted  on  the  centrifuge  arm. 
The  signals  were  amplified  to  the  ±10V  range 
before  transmlselon  through  the  slip  rings.  In 
this  way,  the  slip  ring  noise  problem  was  by¬ 
passed.  The  signals  were  acquired  by  a  mlcrocorap- 
ter  based  data  acquisition  system  for  storage  end 
subsequent  analysis. 

EXPERIMENTAL  RESULTS 

Only  a  few  experiments  have  been  performed  to 
date.  They  Involved  static,  symmetrical  loading 
on  a  flexible  burled  pipe.  Typical  response  of 
the  pipe  is  given  in  Figs.  4,  5,  6  in  which  Che 
bending  moments,  hoop  stresses  and  pipe  deflec¬ 
tions  are  shorn  in  polar  plots  around  the  pipe. 

The  bending  moment  at  a  location  is  calculated 
fro.«  the  difference  of  the  inside  and  outside 
strain  gage  readings  there,  while  the  hoop  stress 
is  calculated  from  the  sum  of  these  readings.  The 
patterns  shown  In  Figs.  4,  5,  and  6  were  obtained 
under  four  pressure  Increments  of  xO  psl  each  and 
they  indicate  that  nonlinear  response  had  devel¬ 
oped  under  the  higher  pressures,  loading  of  the 
pipe  to  failure  had  not  been  carried  out,  since  it 
was  tedious  and  expensive  to  manufacture  and 
instrument  a  new  model. 

ANALYTICAL  MODELING 

The  analytical  work  being  pursued  consists  of 
finite  element  modeling  in  which  the  soil  proper¬ 
ties  are  modeled  by  elaatoplastlc  constitutive 
relations.  The  Interface  conditions  between  the 
soil  and  the  pipe  will  also  be  modeled,  since  it 
is  felt  that  this  may  be  a  crucial  factor  that 
Influences  soil  structure  Interaction,  particular¬ 
ly  near  failure  state  of  the  pipe. 

In  previous  research  in  which  numerical  mo¬ 
dels  were  validated  against  centrifuge  test  re¬ 
sults,  it  was  possible  to  differentiate  between 
different  constitutive  models  in  terms  of  their 
effectiveness  in  capturing  the  soil  structure  res¬ 
ponse.  For  Instance,  in  the  modeling  of  soil 
excavation,  it  was  found  that  It  was  futile  to  use 
nonlinear  hyperbolic  stress-strain  relations, 
since  strain  Increments  experienced  during  excava¬ 
tion  were  generally  not  Aligned  with  the  prevalent 
stress  directions.  It  was  necessary  to  employ 
Incremental  plasticity  to  duplicate  the  observed 
deformation  pattern.  It  is  anticipated  similar 
considerations  will  be  made  in  the  modeling  of 
burled  structures,  leading  to  conclusions  regard¬ 
ing  the  accuracy  of  the  nraerical  analysis  Includ¬ 
ing  the  soil  material  characterization. 

ACKNOWLEDGEMENT 

This  work  is  being  supported  by  a  grant  from 
the  Air  Force  Office  of  Scientific  Reserch,  No. 
AF0SR84-0300.  This  support  is  gratefully  acknow¬ 
ledged. 


438 


Ko,  et  a! 


CENTRIFUGE 

MODELING 


LABORATORY 

TESTING 

- - ■< 

CONSTITUTIVE 

MODELING 

fcs 

NUMERICAL 

ANALYSIS 

HODEL/PROTOTYPE 

PREDICTION 


Fig.  1.  Validation  of  Design  and  Analysis  Procedure 


Pressure  h 


LYDT'S  strain  gages 


Fig.  2.  Centrifuge  Test  Package 
of  Buried  Pipe 


Fig.  3.  Location  of  Instrumentation 
on  Model  Pipe 


Ko,  et  al 


VERIFICATION  OF  IN  SITI’  PREDICTION  OF  STRESS-STRAIN  BEHAVIOR 
BY  LABORATORY  AND  CENTRIFUGE  TESTS 


Namunu  3.  Meegoda 


A.  Anandarajah2,  and  Kandiah  Arulanandan1 


University  of  California,  Davis,  California  and 


2 


John  Hopkins  University,  Baltimore,  Maryland 


ABSTRACT 

The  input  properties  for  the  determination  of 
stress-strain  behavior  of  a  soil  using  the  bounding  surface 
plasticity  model  were  predicted  by  in  situ  nondestructive 
testiiig.  The  predicted  stress-strain  behavior  was 
compared  with  that  measured  using  undisturbed  Shelby 
tube  samples. 

Tie  validity  of  the  in  situ  prediction  of  the  stress- 
strain  behavior  was  also  checked  for  remolded  soil  and 
compared  with  laboratory  measurements.  The  accuracy 
of  the  predicted  strength  was  further  ciiecked  by  studying 
the  stability  of  a  slope  in  the  centrifuge. 

INTRODUCTION 

The  application  of  any  constitutive  model  for  the 
prediction  of  Held  performance  requites  input  properties 
that  are  representative  of  field  conditions.  In  situations 
•  .here  undisturbed  samples  are  difficult  to  obtain  without 
destroying  the  cementation  or  structure,  input 
parameters  need  to  be  obtained  by  in  situ  tests. 

This  paper  has  the  following  objectives:  1)  a 
comparison  of  the  stress-strain  behavior  obtained  from 
nondestructive  in  situ  tests  with  that  obtained  on 
undisturbed  Shelby  tube  samples,  and  2)  a  validation  of 
the  use  of  in  situ  tests  by  obtaining  input  parameters 
lo^  the  prediction  of  stress-strain  behavior  on  remolded 
samples  and  u  ilizing  the  predicted  stress-strain  behavior 
to  examine  the  stability  of  a  slope  tested  in  the 
centrifuge. 

BOUNDING  SURFACE  PLASTICITY  MODEL 

A  bounding  si.  if  ace  plasticity  model  has  been 
developed  by  Dafalias  (1979)  to  describe  the  stress-strain 
behavior  of  fine  grained  soils  under  a  variety  of  luading 
conditions. 

One  of  the  desirable  features  of  this  approach  is 
that  the  plastic  deformation  takes  place  within  the 
bounding  surface  inlike  the  classical  plasticity  theory 
where  the  behavior  is  fully  elastic  within  the  yield 
surface.  This  feature  of  the  model  yields  realistic 
predictions  for  overconsolidated  soils  aitd  under  cyclic 
loading  conditions. 

The  bounding  surface  concept  is  that  the  plastic 
modulus  of  the  material  at  a  given  stress  state  can  be 


determined  knowing  the  stress  state,  a  distance  from 
a  point  on  the  bounding  surface  (defined  by  means  of 
a  suitable  mapping  rule)  to  the  point  representing  the 
current  stress  state,  a  plastic  interna)  variable  to 
account  for  the  past  loading  history  and  the  plastic 
modulus  corresponding  to  the  projected  point  on  the 
bounding  surface. 

The  detailed  description  of  the  theory  could  be 
found  in  Dafalias  et  al.  (1979,1980).  The  information 
required  for  the  prediction  of  stress-strain  behavior  of 
normally  consolidated  soils  are  (1)  the  slope  of  isotropic 
consolidation  line,  X,  in  the  e  -  log  p  space,  where 
p  s  mean  normal  pressure;  (2)  the  sfbpe  of  Isotropic 
swelling  line,  vr,  in  the  e  -  log  p  space;  (3)  the  slope 
of  critical  state  line,  M.  in  tnfe  q  -  p  space,  where 
q  -  deviatoric  stress;  (4)  the  parameter,  R  which  is 
da  fined  as  the  ratio  of  the  mean  normal  pressure,  pQ 
at  which  the  bounding  surface  intersects  the  p  -  axis 
and  the  mean  normal  pressure,  p.  at  which  the  bounding 
surface  intersects  the  critical  state  line  (R  =  2.72  in 
Cam-Clay  theory  (Schofield  et  al.,  1968);  (5)  the  initial 
void  ratio,  eQ;  and  (6)  the  preconsolidation  pressure, 

•V 

PREDICTION  OF  INPUT  PARAMETERS  FOR  THE 
BOUNDING  SURFACE  MODEL 

The  conductivity,  o,  and  the  dielectric  constant, 
e,  of  granular  soils  are  shown  to  be  independent, 
whereas  a  and  e  of  cohesive  soils  are  shown  to  vary 
with  the  frequency  of  the  alternating  current 
(Arulanandan  et  al.,  1983).  The  above  electrical 
behavior  has  been  used  to  quantify  the  compositional 
and  heterogeneous  nature  of  particulate  systems 
(Arulanandan  et  al.,  1973,  1978,1979,1982). 

The  granular  soils  are  characterized  by  the 
formation  factor  F  =  0so.utio(/0sample  ar^  the  average 

formation  factor  F  =  1/3  (F  +  2F».)  is  shown  to  be 
uniquely  related  tOjporosity.  vThe  elattrical  anisotropy 
index  A,  where  A  =  F  /F„  is  used  to  characterize 
tiie  orientation  of  particles,  where  F  is  the  vertical 
formation  factor  and  F„  is  the  horizontal  formation 
factor.  _The  shape  of  tne  particles  are  quantified  by 
f  =  -log  F/log  n,  where  n  is  the  porosity  of  the  sample. 
The  aggregate  and  grain  propel  ties  of  a  granular  media 
could  be  quantified  by  (F,  A)  and  f  respectively. 

A  three  element  electrical  network  model  is  used 
to  quantify  the  inter-  and  intra-cluster  void  ratios  of 
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cohesive  systems  (Arulanandan  et  al.,  1985).  The 
significance  of  intra-cluster  void  r?.do  to  swelling  is 
shown  in  Fig.  1  by  a  correlation  between  the  swell  index 
tc  and  e./e-r,  where  e,  and  e-  are  the  intra-cluster  and 
total  void  ratios  respectively  vArulanandan  et  al.,  1983). 


FIG.  1.  Correlation  between  slope  of  the  swelling  line 
(ic)  and  ratio  of  intra-cluster  to  total  voids. 

The  magnitude  of  dielectric  dispersion  which  is 
dependent  on  the  compositional  and  heterogeneous  nature 
of  the  cohesive  system  is  shown  to  be  directly  related 
to  the  compression  index  X,  as  shown  in  Fig.  2 
(Arulanandan  et  al.,  1983). 


FIG.  2.  Correlation  between  slope  ot  the  compression 
line  (X)  and  the  magnitude  of  dielectric 
dispersion. 

A  combination  of  the  parameters  'A'  and  T  of 
cohesive  systems  is  shown  to  be  uniquely  related  to  M, 
the  slope  of  the  critical  state  line  in  the  bounding  surface 
model,  as  shown  in  Fig.  3  (Arulanandan  et  al.,  1983). 
Correlations  of  tc,  X,  and  M  with  electrical  parameters 
have  been  extensively  studied  by  Anandarajah  (1982), 
Meegoda  (1983),  Abdullah  (1983),  and  Arulanandan 
et  al.  (1983). 


FIG.  3.  Correlation  between  the  slope  of  the  critical 
state  line  (M)  in  the  bounding  surface  model 
and  the  electrical  index  A^/f. 

FIELD  TESTING  AND  RESULTS 

In  situ  electrical  measurement  and  water  contents 
were  determined  at  a  site  containing  copper  mine 
tailings.  The  in  situ  water  contents  as  a  function  of 
depth  were  determined  in  three  bore  holes  which  were 
spaced  at  a  distance  of  fifteen  feet  apart.  The  soil 
profiles,  the  water  table  depth,  and  the  average 
distribution  of  water  content  as  a  function  of  depth 
are  shown  in  Fig.  4,  The  water  content  decreases  with 
depth  with  a  maximum  value  of  about  65  percent  at 
the  water  table  depth  to  a  value  of  50  percent  at  a 
depth  of  40  feet  below  the  surface. 


formation  factor  and  water  content  with 
depth. 

The  in  situ  formation  factors  determined  by  the 
use  of  an  electrical  probe  (Geoelectronic  Model  GE100) 
in  the  horizontal  and  vertical  directions,  at  different 
depths,  are  plotted  in  Fig.  4.  The  average  formation 
factor  is  seen  to  increase  with  depth.  The  method  of 
determining  the  in  situ  vertical  and  horizontal  formation 
factors  are  described  elsewhere,  Arulanandan  et  al. 
(1979,1982),  Ertec  Western,  Inc.  (1982),  and 
Arulmoli  et  al.  (1985).  Using  the  in  situ  formation 
factor  and  the  in  situ  water  content,  the  in  situ_  shape 
factor  1  is  estimated  using  the  relationship  f_=  - 
log  F/Iog  n.  Using  the  in  situ  values  of  A  and  f,  the 
slope  of  critical  state  line  (M)  is  estimated  with  the 
aid  of  Fig.  3. 

It  was  found  that  the  predicted  stress-strain  curve 
and  stress  path  using  bounding  surface  model  (Herrmann 
et  al.,  1980)  is  not  significantly  affected  by  slight 
variation  in  X  and  tc  values.  Hence  the  values  of  X 
and  tc  used  in  the  prediction  of  stress-strain  relationship 
are  the  values  determined  on  Shelby  tube  samples.  The 
estimated  void  ratio  and  pressure  relationship  for  the 
in  situ  state  is  shown  in  Fig.  5. 
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FIG.  5.  Relationship  between  vertical  pressure  (p)  and 
void  ratio  (e)  for  remolded  and  undisturbed 
samples. 

A  computer  program  utilizing  the  bounding  surface 
plasticity  theory  (Herrmann  et  al.,  1980)  is  used  to  obtain 
the  predicted  stress-strain  relationship  as  shown  in  Fig.  6. 


FIG.  6.  The  normalized  stress  vs.  strain  relationship 
(measured  and  predicted)  for  in  situ, 
undisturbed  and  remolded  states. 

LABORATORY  TESTING  AND  RESULTS 

In  order  to  validate  the  procedure  used  to  predict 
the  in  situ  stress-strain  behavior,  laboratory  tests  on 
undisturbed  and  remolded  samples  were  carried  out. 
Remolded  sample  in  the  form  of  a  slurry  was  prepared 
and  electrical  conductivity  and  dielectric  constant  as  a 
function  ot  frequency  in  the  radio  frequency  range  were 
measured  at  each  state  of  consolidation.  A  typical  set 
of  electrical  dispersion  curves  are  plotted  in  Fig.  7. 


FIG.  7.  Electrical  dispersion  data  for  remolded  soils  at 
1.119  psi. 

Similarly,  Shelby  tube  samples  were  cut  and 
trimmed  to  the  size  of  electrical  measuring  cells  and 
electrical  measurements  were  made. 


The  physical  properties,  the  consolidation  and 
rebound  characteristics,  the  permeability 
characteristics,  the  stress-strain  behavior  of  undisturbed 
samples  obtained  from  Shelby  tube,  and  remolded 
samples  were  determined.  The  properties  are  tabulated 
in  Table  1.  The  consolidation  and  rebound 

characteristics  of  undisturbed  and  remolded  samples  are 
compared  iri  Fig.  5.  An  estimated  in  situ  consolidation 
behavior  based  on  in  situ  water  content  and  overburden 
pressure  is  also  shown  in  Fig.  5.  Significant  differences 
in  the  consolidation  characteristics  of  in  situ,  Shelby 
tubes,  and  remolded  samples  are  seen  to  exist. 

Using  the  measured  values  of  A  and  f  for  remolded 
and  Shelby  tube  samples,  the  slope  of  critical  state 
line  (M)  is  estimated  with  the  aid  of  Fig.  3. 

The  electrical  dispersion  data  for  remolded  and 
Shelby  tube  samples  were  used  to  obtain  the  intra¬ 
cluster  void  ratio  and  the  magnitude  of  dielectric 
dispersion. 

Using  Fig.  1  and  Fig.  2  the  X  and  k  values  for 
remolded  and  Shelby  tube  samples  were  obtained. 

The  values  of  X,  sc,  and  M  were  used  in  the 
bounding  surface  plasticity  model  (Herrmann  et  al., 
1980)  to  predict  the  stress-strain  behavior.  The 
predicted  results  are  compared  in  Fig.  6  with  the 
measured  results.  The  measured  and  predicted 
electrical  and  mechanical  properties  are  summarized  in 
Table  1. 


DISCUSSION  OF  IN  SITU  AND  LABORATORY  TEST 
RESULTS  AND  STRESS-STRAIN  BEHAVIOR 

The  difference  in  the  formation  factors  measured 
in  situ  and  that  measured  on  remolded  samples  at  the 
same  porosity  is  a  clear  indication  of  the  structure 
sensitivity  of  the  soil.  The  structure  is  partially 
disturbed  even  in  a  conventional  undisturbed  Shelby 
tube  sample  as  reflected  by  the  difference  in  formation 
factors  of  in  situ  and  undisturbed  sample.  The  distinct 
difference  in  the  strength  (stress-strain  behavior) 
measured  in  the  laboratory  on  the  ui disturbed  and 
remolded  soil  confirm  the  structure  sensitivity  of  the 
soil. 


Cementation  is  a  possible  cause  for  the  high 
strength  behavior  of  the  in  situ  soil.  The  shape  factor 
for  undisturbed  soil  is  about  2.22  compared  to  that  of 
the  remolded  soil  of  about  1.61.  This  difference  is 
mainly  due  to  the  cementation  and  fabric  anisotropy. 
Cementation  produces  a  higher  shape  factor  and  is 
evident  from  the  work  of  Willey  and  Gregory  (1933). 
The  values  of  bounding  surface  M  of  1.72  for  remolded 
soil  predicted  from  laboratory  measurements  compared 
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to  that  of  2.2  for  undisturbed  soil  predicted  from  in  situ 
electrical  measurements  shows  the  need  for 
nondestructive  testing  to  assess  in  situ  soil  behavior. 

The  reasonably  close  agreement  between  the 
predicted  stress-strain  behavior  for  remolded  and  Shelby 
tube  samples  using  the  electrical  measurements  and  the 
bounding  surface  plasticity  theory  with  the  measured 
stress-strain  behavior  validates  the  method  of  predicting 
the  in  situ  stress-strain  behavior. 

The  predicted  differences  in  the  mechanical 
behavior  of  undisturbed  and  in  situ  samples  show  the 
influence  of  disturbance  during  sampling,  transportation, 
and  testing.  It  is  clearly  evident  that  nondestructive 
testing  is  a  necessary  prerequisite  for  the  proper 
prediction  of  in  situ  mechanical  behavior  of  structure 
sensitive  soils.  Destructive  methods  of  testing  are 
inadequate  to  predict  in  situ  behavior  especially  in  soils 
that  are  structure  sensitive  such  as  copper  mine  tailings. 

CENTRIFUGE  TESTS  AND  RESULTS 

In  order  to  further  validate  the  accuracy  of  the 
predicted  in  situ  stress-strain  behavior,  a  centrifuge 
model  behavior  was  analyzed  using  the  predicted  strength 
(stress-strain  behavior).  Initially  the  sample  was  mixed 
with  water  to  form  a  slurry  of  uniform  consistency. 
The  sample  was  then  poured  into  the  centrifuge  bucket 
(1‘  x  1'  x  W)  and  allowed  to  settle  under  its  own  weight 
for  one  day.  Then  the  soil  was  consolidated  under  a 
twenty-six  pound  load  for  one  day.  The  sample  was 
then  mounted  in  the  centrifuge  and  was  accelerated  to 
fifty  times  the  acceleration  of  gravity.  After  four  hours 
of  consolidation  at  50  g's  the  centrifuge  was  stopped 
and  a  10°  slope  was  cut  with  a  metal  template.  The 
photograph  of  the  finished  slope  is  as  shown  in  Fig.  8, 
where  the  dimensions  of  the  slope  are  given  in  Fig.  10. 


FIG.  8.  Photograph  of  modei  embankment. 

The  cut  sample  was  covered  by  two  lines  of  chalk  dust 
to  aid  in  the  detection  of  a  crack.  The  slope  was 


FIG.  9.  Photograph  of  the  failed  embankment  after 
spinning  the  centrifuge. 


accelerated  at  20  g's  for  ten  minutes  with  no  failure. 
The  acceleration  was  increased  to  30  g's  and  after 
three  minutes  a  crack  formed  (see  Fig.  10).  The  sample 
was  kept  at  30  g's  for  another  12  minutes  but  the  crack 
did  not  progress.  It  was  then  accelerated  to  40  g's 
and  immediately  the  slope  failed  with  a  tension  crack 
formed  across  the  top  of  the  sample.  The  failed 
embankment  was  allowed  to  dry  in  order  to  examine 
the  mode  of  failure.  A  circular  arc  toe  failure  was 
observed  (see  Fig.  10). 

The  q/p  value  at  failure  for  the  remolded  soil 
(see  Fig.  6)  was  used  tc  obtain  the  value  of  Cu  (see 
Table  1).  The  value  of  p  was  estimated  from  the 
measured  water  content. 


FIG.  10.  Dimensions  of  the  embankment  with  the 
observed  failure  surface. 

ANALYSIS  AND  DISCUSSION  OF  THE  CENTRIFUGE 
TEST  RESULTS 

A  total  stress  slope  stability  analysis  was  carried 
out  for  the  configuration  of  the  slope  as  shown  in 
Fig.  8.  The  value  of  c  =  3.30  psi  (at  an  average  water 
content  of  46  percent  as  determined  from  samples 
obtained  in  the  model  at  different  depths)  and  values 
of  a  =  30°,  r  =  14'  as  observed  in  the  model  test  were 
used  to  determine  the  critical  height  at  which  a  factor 
of  safety  of  one  was  obtained. 

The  distance  from  the  center  of  the  rotation  to 
the  center  of  gravity  of  the  slipped  mass,  x,  can  be 
shown  to  be  equal  to 

-  _  r/2  (1  -  cos  2b. ) 
a  -  X.  sin  2a 

For  the  equilibrium  of  the  slide 

2  —  2 

r  (a  -  H  sin  2a)p  (Ng)  x  sin  a  =  2ar  c 

The  value  of  N  corresponding  to  a  factor  of  safety 
of  one  ii  seen  to  be  41.  The  slope  failed  in  the 
centrifuge  test  at  an  N  value  of  40.  Thus  the  critical 
height  of  the  slope  (a  =  30*)  can  be  shown  to  be  equal 
to  10  feet.  This  research  provides  a  valid  justification 
for  use  of  in  situ  testing  by  electrical  method  to  predict 
the  stress-strain  behavior. 

If  the  predicted  soil  strength,  c  =  11  psi, 

corresponding  to  the  ''undisturbed"  sample  is  used  for 
the  slope  stability  analysis  the  critical  height  would  be 
about  33  feet.  For  the  predicted  in  situ  strength  of 
c  =  23  psi,  tl.e  critical  height  is  about  71  feet. 


The  above  analysis  demonstrates  the  importance 
of  nondestructive  in  situ  testing  to  obtain  input 
parameters  for  use  in  constitutive  relationships  to  predict 
deformation  behavior.  This  is  particularly  important  in 
soils  which  are  structure  sensitive  such  as  in  mine 
tailings.  It  is  very  difficult  to  predict  the  in  situ 
stress-strain  behavior  of  structure  sensitive  soils  by 
destructive  in  situ  testing.  The  difficulty  of  obtaining 
undisturbed  samples  poses  problems  of  predicting  in  situ 
stress-strain  behavior  by  laboratory  testing. 


SUMMARY  AND  CONCLUSIONS 

In  situ  testing  using  the  nondestructive  electrical 
method  of  soil  characterization  was  used  to  predict  in 
situ  stress-strain  behavior  of  copper  mine  tailings. 

Laboratory  electrical  and  mechanical  tests  on 
undisturbed  and  remolded  samples  of  copper  mine  tailings 
were  used  to  validate  the  nondestructive  testing  method. 
The  measured  stress-strain  behavior  is  in  reasonable 
agreement  with  that  predicted  using  nondestructive 
electrical  method  and  boundary  surface  plasticity  model. 

Centrifuge  model  behavior  of  the  slope  stability 
was  analyzed  using  input  parameters  predicted  by  the 
electrical  method  to  further  validate  the  procedure  used 
to  predict  the  in  situ  stress-strain  behavior.  The  stable 
height  of  the  embankment  evaluated  using  the  predicted 
strength  (stress-strain  behavior)  was  in  accordance  with 
the  observed. 

This  study  shows  that  the  electrical  method  of 
nondestructive  testing  to  obtain  input  parameters  for 
the  use  in  constitutive  relationships  is  very  effective  in 
structure  sensitive  soils  such  as  copper  mine  tailings. 

The  stable  height  obtained  from  analysis  of  an 
embankment  composed  of  mine  tailing  vary  from  10  feet, 
33  feet,  and  71  feet  when  results  of  remolded, 
undisturbed  (Shelby  tube  samples)  and  in  situ  properties 
using  the  electrical  method  respectively  are  used. 

In  structure  sensitive  soils  nondestructive  methods 
of  soil  testing  are  essential. 
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MODELING  OF  EXPLOSIVE-STRUCTURE  INTERACTION 
EFFECTS  IN  A  LARGE  CENTRIFUGE 
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Redondo  Beach,  California 


ABSTRACT 

Small  and  large  geotechnical  centrifuges 
have  been  used  extensively  for  body  force 
studies  of  soils  and  to  a  lesser  degree  for 
rock  structures.  Investigations  of  explosive 
cratering,  body  force  loading  of  rock  masses, 
and  gravity  simulation  of  underwater  explosion? 
have  demonstrated  the  viability  of  experimenta¬ 
tion  for  modeling  explosive  phenomena  In 
multiple  gravity  fields.  Testing  of  a  variety 
of  structures  and  materials  In  large  centrifuges 
has  proven  the  usefulness  and  the  other  advan¬ 
tages  of  modeling  of  (1)  explosive  cratering 
covering  several  orders  of  magnitude,  (2) 
simulated  sustained  pulse  loading  of  under¬ 
ground  rock  structures,  and  (3)  accurate 
modeling  of  underwater  explosion  bubble 
behavior.  These  basic  methods  and  techniques 
of  experimentation,  as  well  as  of  the  analyses 
of  results,  are  applicable  to  other  related 
dynamic  explosion-structure  problems  of  current 
interest. 


INTRODUCTION 

Research  utilizing  large  centrifuges  for  the 
loading  of  geo-engineering  structures  has  increased 
rapidly  in  recent  years  especially  In  static  soil 
mechanics,  but  to  a  lesser  degree  in  rock  mechanics 
and  rigid  structures;  and  in  specialized  areas  In 
the  dynamic  mechanics  of  explosion  processes  such 
as  intense  earth  waves  impinging  on  underground 
structures,  apparent  cratering  of  soils,  and  under¬ 
water  explosions. 

Viable  physical  modeling  has  both  marked  eco¬ 
nomic  and  scientific  advantages  and  Investigations 
of  applicability  of  centrifugal  modeling  of  studies 
of  effects  of  Intense  waves  Impinging  on  under¬ 
ground  openings,  explosive  cratering,  and  effects 
of  underwater  explosions,  indicate  that  the 
technique  of  centrifugal  modeling  is  likewise 
applicable  to  other  appropriate  problems  of 
explosive-structure  Interaction.  Experience  has 
also  shown  that  the  centrifuge  may  be  used  effec¬ 
tively  (1)  for  similitude  studies,  (2)  as  a  testing 
machine,  and  (3)  to  verify  mathematical  modeling 
studies.  The  review  below  of  the  use  of  basic 
principles  of  physical  modeling  In  the  above 


dynamic  processes  gives  a  good  Indication  of  Its 
applicability  In  other  related  areas  of  research 
Interest.  One  unique  and  scientifically  usable 
capability  of  centrifugal  loading  Is  that.  In 
contrast  to  a  universal  type  testing  machine,  the 
body  force  load  on  the  structure  Is  maintained 
before,  during,  and  after  failure  IClark,  1984a, 
1984b,  1985). 

DEEP  BASED  STRUCTURES 

Although  not  a  subject  of  direct  Interest  In 
this  conference  on  nonnuclear  Impact  and  response 
of  structures,  the  methods  and  techniques  of 
hardening,  and  experimentation  to  determine  the 
resistance  to  large  yield  weapons  have  many  'actors 
In  common  with  it.  Some  of  these  response  factors 
can  be  effectively  examined  and  evaluated  by  model¬ 
ing  of  loading  In  a  centrifuge.  One  such  experi¬ 
mental  program  was  carried  out  In  the  7  ft  diameter 
centrifuge  at  the  University  of  Mlssourl-Rolla 
(Haas  and  Clark,  1970). 

Various  background  studies  have  Indicated 
that  an  Intense  plane  wave  of  long  duration  Impact¬ 
ing  unlined  and  lined  tunnels  In  elastic  geologic 
media  can  be  represented  by  a  unit  step  pulse  or  a 
continuous  static  load.  The  Investigation  by  Haas 
and  Clark  (1970)  was  designed  to  test  tunnel 
structures  under  plane  stress  and  plane  strain 
conditions  In  a  universal  testing  machine  as  well 
as  four  models  under  body  force  loading  In  a 
centrifuge,  the  latter  primarily  to  measure  strain 
(stress)  distribution  and  to  observe  failure 
processes. 

Two  types  of  carefully  designed  artificial 
rock  materials  were  used,  a  mix  of  plaster  of  low 
modulus  and  strength  and  a  mix  of  higher  modulus 
and  strength  of  Portland  cement,  all  pertinent 
mechanical  properties  being  measured.  The  stress 
field  Intensity  caused  by  body  forces  was  Increased 
above  normal  by  placing  several  Inches  of  lead 
sheet  on  top  of  the  centrifugal  model,  but  lead 
shot  may  be  preferable  for  uniform  load  distribu¬ 
tion. 

The  radial  stress  field  in  the  model  in  a 
centrifuge  (Hoek,  1965)  Is  given  by  (Figure  1); 
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Figure  1.  Tunnel  Model  with  Lead  "Overburden." 


Isolated  member  of  the  structure  Is  simulated  In 
a  centrifuge,  which  also  produced  the  same  action 
as  found  In  a  prototype  tunnel  structure. 

In  the  similitude  study  of  Haas  and  Clark 
(1970)  approximately  50  tests  were  made  on  models 
with  applied  loads  to  simulate  plane  stress  and 
plane  strain,  and  four  on  12  x  12  x  2  inch  models 
loaded  in  the  centrifuge.  A  total  of  17  strain 
measurements  were  made  at  8  positions  In  each 
model.  Side  restraint  was  supplied  with  bolts, 
friction  minimized  at  the  base  of  the  model  with 
Teflon,  and  all  models  carefully  machined  for 
precise  fitting  on  the  bearing  surfaces. 


Failure  Centrifuge  Load 


where 

u  =  angular  velocity 


Figure  2:  Loading  Comparison:  centrifuge  and 
conventional  testing  machine. 


r’  Vr2  =  radil 

Ppb  =  density  of  lead 

Ppl  =  density  of  plaster  model 

If  the  model  is  restrained  laterally  then  the 
strain  in  this  direction  is  zero  and  the  stress  is 
some  fraction  of  the  radial  stress,  depending  upon 
Poisson's  ratio. 


The  behavior  of  the  models  with  body  force 
loading  prior  to  failure  was  similar  to  those 
tested  with  applied  static  loading  in  a  conven¬ 
tional  testing  machine.  The  failure  mechanism  of 
the  model  material  was  brittle,  catastrophic,  and 
explosive  in  nature.  Special  sensors  will  be 
required  to  instrument  and  observe  the  initiation 
and  progress  of  such  failure,  the  energy  release 
accompanying  failure,  and  also  the  degree  and  type 
of  failure  must  be  controlled  to  prevent  damage  to 
the  centrifuge  rotor. 


As  a  first  approximation  the  stresses  around 
the  tunnel  can  be  taken  as  those  for  the  average 
value  of  the  stress  field  at  the  center  evaluation 
of  the  model.  The  above  development  is  for  an 
uniaxial  stress  field,  but  the  model  and  holder 
can  be  designed  to  create  biaxial  or  triaxial 
stress  fields  in  the  model  and  consequent  condi¬ 
tions  of  plane  stress  or  plane  strain.  Of  primary 
importance  is  that  the  centrifuge  creates  body 
force  loading  which  is  similar  to  that  in  the 
earth's  crust,  explosive  loading  can  be  superim¬ 
posed,  and  the  loading  can  be  continued  after 
initial  failure.  In  a  conventional  testing 
machine,  stiff  or  not,  the  loading  may  drop  to 
zero  or  a  low  value  with  initial  failure  in  the 
model  (Figure  2).  Continued  scaled  gravity  load¬ 
ing  in  the  whole  model  or  in  a  single  broken  or 


In  summary,  the  viability  and  applicability 
of  centrifugal  testing  to  the  investigation  of  the 
stability  of  underground  openings  under  explosive 
attack  are  indicated  by: 

1.  Long  pulses  can  be  simulated  by  body  force 
loading. 

2.  Body  force  loading  on  elements  and  separated 
parts  of  the  structure  are  simulated. 

3.  Loading  after  initial  failure  is  maintained 
and  simulated,  a  critical  factor. 

4.  Plane  stress  and  plane  strain  can  be  simu¬ 
lated. 

5.  Photoelastic  models  can  be  studied  for  stress 
distribution  and  structural  failure. 

6.  Photostress  coating  may  be  used  on  artificial 
or  natural  rock  models. 

7.  Complex  rock  defects  and  structure  may  be 
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modeled,  which  cannot  be  done  with  mathematical 
modeling. 

8.  Failure  mechanisms  may  be  observed  and  photo¬ 
graphed. 

9.  Dynamic  loading  can  be  modeled  with  explo¬ 
sives. 

10.  Hardening  studies  can  be  simulated. 

CRATERING 

The  cube  root  law  of  real  cratering  for 
single  point  explosive  charges  Is  a  well  known 
principle,  l.e.,  that  crater  dimensions  for 
charge  weights  (energies)  In  the  range  to  several 
tons  will  scale  according  to  the  cube  root  law, 
tha+  is,  the  cratering  curves  for  various  linear 
dimensions  scale  as  the  cube  root  of  the  charge 
weight,  the  areas  as  the  weight  to  the  2/3  power, 
and  the  volume  as  the  first  power  of  the  weight 
of  the  explosive.  However,  for  apparent  crater¬ 
ing,  both  gravity  and  the  charge  weight  affect  the 
depth  of  the  crater,  tne  larger  the  charge  weight, 
the  greater  percentage  fall  back  Into  the  crater, 
which  reduces  the  relative  size  of  the  apparent 
crater,  especially  for  large  yield  nuclear  craters. 

One  possible  advantage  cf  experimentation  In 
modeling  of  effects  of  munitions  (explosives)  on 
structures,  or  other  material  masses  made  up  of 
gases,  liquids,  or  solids.  Is  that  some  of  the 
behaviorisms  may  be  self-similar.  Sedov  (1949) 
shows  that  certain  wave  propagation  processes  in 
gasses  are  self-similar,  i.e.,  that  velocity  and 
other  parameters  can  be  expressed  In  terms  of 
ordinary  linear  differential  equations.  Also, 
for  ejection  of  soil  from  a  crater  by  explosive 
energy  for  mechanical  energy  transferred  to  the 
solid,  E,  a  crater  depth  h,  and  density  p 

E  =  cPgh4  (2) 

Thus,  the  relation  between  the  volume  V  of 
soil  ejected  and  the  mechanical  energy  Is 

E  =  c4(c)V4/3pg  (3) 

That  is,  under  the  assumptions  made  for  the  deri¬ 
vation  of  the  above  equations  the  specific  energy 
required  to  produce  an  apparent  crater  is  the 
function  of  the  size  of  the  event.  For  a  true 
crater  gravity  has  little  effect  on  the  volume  of 
material  broken,  but  It  does  determine  the  size  of 
the  apparent  crater. 

In  commercial  blasting  in  Sweden  (Langefors, 
1978),  It  was  found  that  the  effective  breakage 
and  threw  of  rock  by  explosives  could  be  expressed 
by  a  mathematical  series 

Q  *  k2*2  +  k3*3  +  k4t*  (4) 

where 

t  =  linear  dimension  of  blast 

K„  ,  ,  *  factors  which  are  variable 
2.3,4 

functions  of  i 

Q  9  energy  of  explosive 


The  above  equation  may  also  be  written: 

Q/t  =  k2/t  +  k3  +  k^t  (5) 

where  the  first  term  Is  associated  with  crushing 
rock  and  other  energy  losses,  the  second  to  tne 
cube  root  law,  and  the  third  with  heave  or  work 
against  gravity. 

Hoi  supple  and  Schmidt  (1979)  In  definitive 
model  cratering  studies  in  the  centrifuge  found 
that  for  cohesionless  material  (sand)  the  crater¬ 
ing  efficiency  or  scaled  apparent  volume  of  the 
crater  may  be  expressed  by: 

(Vp/W)  «  [s/Qe)(W/«)1/3r“  (6) 

which  Is  equivalent  to  the  third  term  of  langefors 
equation.  The  following  term  governs  for  the  cube 
root  regime 

while  the  following  takes  the  strength  (cohesion) 
of  the  soil  Into  account 

(^)  -  [(J-)(f)1/3(0.1  +  tan  e]““  (8) 

where 

V  =  apparent  crater  volume 
p  =  density  of  sand 
g  =  gravity 
W  -  wt  of  explosive 
Qe  =  specific  energy  of  explosive 
6  *  density  of  explosive 
e  *  angle  of  friction 
a  9  an  exponent 

Schmidt  and  Holsapple  (1980)  made  a  detailed 
analysis  of  the  similitude  factors  which  might 
apply.  Including  eight  field  equations,  but  found 
that  If  the  same  earth  materials  and  explosives 
are  used  In  the  model  and  the  prototype  that  the 
apparent  cratering  process  scales  accurately 
within  well  defined  limits.  Thus  with  the  centri¬ 
fuge  crater  modeling.  It  has  been  possible  to 
define  quite  explicitly  the  mechanisms  of  apparent 
cratering  which  have  earlier  been  only  empirically 
known,  (Figure  3). 

Goth  the  true  and  apparent  crater  volumes  are 
dependent  upon  the  size  of  the  charge,  the  depth 
of  burial,  and  the  physical  properties  of  the 
medium,  as  are  the  amounts  of  energy  that  are  par¬ 
titioned  into  that  required  for  breaking  the 
ground,  and  ejecting  the  crater  material.  That 
Is,  these  factors  also  determine  the  amount  of 
energy  that  Is  transmitted  as  wave  energy  Into  the 
ground  below  the  crater.  Vital  factors  that  can 
be  examined  In  centrifugal  testing  are  the  rela¬ 
tionships  of  the  above  and  related  parameters  to 
the  hardening  of  underground  structures. 
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Figure  3.  General  form  of  cratering  efficiency  versus 
gravity-scaled  yield  for  a  typical  soil. 


UNDERWATER  EXPLOSIONS 


Scaling  or  model  relationships  for  a  wide 
range  of  underwater  explosions  under  high-gravity 
conditions  (Zuke,  1962)  are  based  on  either  two  or 
three  similitude  criteria,  including  (1)  Froude 
scaling  of  the  bubble  migration,  (2)  near  surface 
similarity,  and  (3)  scaling  of  minimum  bubble 
radius.  Critical  parameters  for  simulation  (coef¬ 
ficients  Jm,  and  Nm,  where  J  and  K  are 
coefficients  defined  by  equations  (14)  and  (15), 

N  =  ratio  of  max  ano  min  bubble  radius),  were 
defined  by  experiments  with  underwater  explosions 
in  a  small  evacuable  tank  where  approximate  scaling 
of  bubble  behavior  was  done  by  adjusting  the  air 
pressure,  charge  weight  and  depth,  and  the  water 
temperature.  For  more  nearly  correct  scaling, 
centrifugal  loading  gives  a  pressure  of  more  real¬ 
istic  scaled  buoyancy  characteristics  to  utilize 
for  scaling  of  both  HE  and  nuclear  explosives: 

a.  Geometric  similarity  of  bubble  and  water 
surface,  at  maximum  expansion. 

b.  Similarity  of  the  ratio  of  maximum  to 
minimum  bubble  radius. 

c.  Froude  scaling  at  maximum  bubble  expan¬ 
sion. 

The  maximum  bubble  radii  of  the  model  are  scaled 
to  the  depth  of  the  explosion: 


A  d 

max  m  _  _m  /q\ 

A  "  d  '  ' 

max  p  p 

where  A^x  is  the  maximum  bubble  radius  and  d  is 
the  charge  depth.  The  subscripts  m  and  p  refer  to 
the  model  and  prototype.  Also  model  and  prototype 
bubbles  have  the  same  ratio  of  Amax/Amjn  at  corre¬ 
sponding  times,  or 

A  .  A 
min  m  mi n  p 


Further,  experimental  evidence  indicates  that 


where  N  is  approximately  constant  for  a  given 
explosive  and  Z  is  the  total  hydrostatic  pressure 
at  the  charge  depth. 

Equations  (2)  and  (3)  give 

(^)1/3  =  /  (12) 

p  m 

Thus,  for  the  same  explosive,  the  ratio  of  hydro¬ 
static  pressures  is  a  constant  determined  by  Nm 
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and  Np.  However,  N  for  nuclear  explosions  Is  not 
known  but  N's  for  many  high  explosives  are  nearly 
the  same. 


Froude  or  gravitational  scaling  defines  bubble 
migration  where  the  hydrostatic  pressure,  which 
produces  the  buoyant  force.  Is  caused  by  gravity: 


A  A 

max  m  .  max  p 

- T"  9 

q  T  ~  q  T  t 

am  m  sp  p 


(13) 


where  T  Is  the  period  for  the  first  bubble 
oscillation  and  g  the  acceleration  of  gravity. 


Expressions  (9),  (12),  and  (13)  are  the  scal¬ 
ing  relationships  which  must  be  satisfied  In 
gravity  scaling.  In  (9)  and  (13),  the  and  T 
may  be  expressed  In  terms  of  the  variables  and 
explosion  coefficients.  The  following  equations 
result  In  terms  of  the  radius  coefficient,  J,  and 
the  period  coefficient,  K,  which  are  experimentally 
determl ned : 


*™,  ■  <>,/s 


yl/3 


(H) 

(15) 


where  Is  In  feet;  W,  the  weight  of  the  explo¬ 
sive,  Is  In  pounds;  T  Is  In  seconds;  and  Z  Is  In 
feet  of  water.  For  one  g,  Z  Is  defined  as 

Z  *  P  +  d  (16) 


However,  the  air  pressure  In  a  closed  gravity  tank 
has  a  negligible  Increase  with  Increasing  accelera¬ 
tion,  and  total  hydrostatic  pressure  Is  due  to 
water  pressure  and  air  pressure  Is  approximated  by: 

z«.  *  ^./g.  *  pm  O9) 

m  mm  p  m 

In  a  closed  centrifuge  tank  the  pressure  at 
the  bubble  surface  and  the  vapor  pressure  are 
Increased.  The  rate  of  evaporation  also  depends 
on  vapor  pressure,  water  temperature  and  pressure; 
hence,  a  low  temperature,  such  as  484F,  tends  to 
minimize  the  evaporation  effects.  Table  I  summari¬ 
zes  the  ranges  of  the  variables  which  were 
proposed  for  the  gravity  test  tank  as  determined 
from  the  above  equations. 


Table  I 

ESTIMATED  RANGE  OF  GRAVITY  TANK  VARIABLES 


Variable 

From 

To 

9m 

1  9 

250  g 

dm 

0.25  ft 

2.0  ft 

pm 

3  ft  H?0 

99  ft  H20 

wm 

0.2  gm  or  4.4  x  10”4 

lb  lead  azide 

t 

Approximately  48°  1 

F 

s'% 

.  fTu  * 


where  P  Is  the  air  pressure  In  feet  of  water 
(equal  to  33  feet  of  salt  water  or  34  feet  of 
fresh  water  for  atmospheric  pressure  at  sea  level) 
and  d  Is  the  charge  depth  In  feet. 

Equations  (14)  and  (9)  yield  mathematical  law 
for  geometric  scaling  of  the  bubble  maximum: 


J  W  Z 

/(«¥) 

ppm 


(17) 


Similarly,  Equations  (13),  (14),  and  (15)  give  the 
expression  for  Froude  scaling: 


^m  >  9ni(*m  ^2^m^l/3^Zp^4/3 

g_  K  'W  Z 
P  P  P  P  m 


(18) 


In  prototype  explosions,  J«  Is  assumed  to  be  con¬ 
stant  for  a  given  explosion;  Kp»  however.  Is 
dependent  on  surfaces  In  all  six  coordinate  direc¬ 
tions  from  the  charge  as  well  as  the  type  of 
explosive,  and  mathematical-experimental  adjust¬ 
ments  must  be  made  for  both  of  these  factors  In 
the  model  for  surface  and  wall  proximity. 

Further,  In  a  centrifuge,  the  pressure  due  to 
the  head  of  water  at  a  depth  dm  Is  assumed  to  be 
dm  x  gm/gp-o  (Actually,  the  pressure.  Equation  16, 
varies  as  d£,  but  the  difference  Is  small.) 


With  the  above  relationships,  preliminary 
experimental  conditions  for  scaled  explosions  In  a 
high  gravity  tank  were  calculated.  The  expres¬ 
sions  for  J.  and  K>,  and  Ag^/Agri,,  coefficients, 
and  N  for  tne  gravity  tank  were  based  on  observa¬ 
tions  of  the  bubble  behavior  in  free  wafer  and  In 
the  small  vacuum  tank  at  one  g. 

The  range  of  prototype  explosions  which  could 
be  scaled  was  determined  largely  by  the  tank  limi¬ 
tations.  The  variables  In  the  laboratory  are  gm, 
dm,  Pm,  Wg,,  and  water  temperature,  T.  An  estimate 
of  the  maximum  experimental  (centrifuge)  accelera¬ 
tion  for  a  tank  two  feet  In  diameter  containing 
three  feet  of  water  was  about  250  g.  Values  of  Jm 
used  were  determined  In  a  vacuum  tank  at  depths 
between  0.5  and  2.0  feet.  The  range  of  charge 
depths  was  to  be  from  2.25  to  2.0  feet.  A  test 
tank  was  to  be  designed  to  withstand  two  or  three 
atmospheres  pressure,  (68  to  102  feet  of  fresh 
water  absolute),  the  lower  limit  being  the  vapor 
pressure  of  the  water  (about  0.5  feet  of  fresh 
water).  These  ranges  of  model  values  determined 
the  limits  of  the  prototype  conditions  Wn  and  dp 
which  can  be  scaled  (Price,  Zuke,  and  Infoslno, 
1964). 

It  Is  difficult  to  derive  analytical  expres¬ 
sions  for  one  tank  variable  In  terms  of  the 
other  two,  out  some  of  the  coefficients  were  known 
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for  some  explosives  (Table  II). 

Table  II 

EXPLOSIVE  COEFFICENTS  FOR 
SELECTED  EXPLOSIVES 


Lead  Azide 

HBX-1 

TNT 

Jp 

9.32 

14.3 

12.6 

Km«°  or  Kp<» 

3.23 

5.10 

4.35 

Np  or  Nm 

0.0258 

0.0252 

0.0228 

In  various  methods,  including  the  iterative 
approach  to  solution,  combinations  of  dm,  gm,  and 
Pm  may  be  used  and  for  each  combination  dp  is 
evaluated  along  with  Kp,  1^,  and  Jm  to  determine 
explosive  weights  and  depths,  programmed  for  com¬ 
puter  calculation.  The  predictive  study  for 
gravity  studies  by  Zuke  (1962)  was  based  on  model 
explosion  data  obtained  in  a  small  stationary 
vacuum  tank  at  NOL  with  gravity  and  size  correc¬ 
tions  applied  where  possible. 

The  required  methods  of  scaling  of  two  or 
three  criteria  were  met,  geometric  scaling  at  two 
different  times,  and  Froude  scaling.  The  range 
weight  of  prototype  explosions  scaled  in  a  high- 
gravity  tank  may  be  limited  and  restricted  to  HE 
modeling.  With  the  second  method,  which  satisfies 
only  two  criteria,  geometric  scaling  at  one  point 
in  time  and  Froude  scaling,  the  range  of  prototype 
shots  scaled  is  larger,  and  may  include  nuclear 
weapons.  The  three  criteria  scaling  could  not  be 
applied  to  nuclear  weapons  because  of  prototype 
information  for  the  Amax/Amin  ratio  was  lacking. 

Some  conclusions  were:  A  centrifugally 
accelerated  test  tank  can  be  used  for  model  bubble' 
explosion  studies.  A  variety  of  shots  was  fired 
and  except  for  an  under-ice  shot,  the  difficulties 
were  minor.  The  control  of  tank  conditions 
attained  was  satisfactory  and  the  centrifugally 
accelerated  test  tank  for  model  explosion  studies 
proved  a  practical  method.  The  data  obtained 
indicate  that  the  systems  of  scaling,  especially 
the  three  criteria  method,  may  be  applied  over  a 
wide  range  of  conditions. 

Seven  series  of  shots  were  investigated 
(Price,  Zuke,  and  Infosino,  1964): 

1.  General  Information 

a.  Effects  of  tank  size  or  "wall 
effect." 

b.  Effects  of  charge  depth,  tank 
acceleration,  and  air  pressure. 

2.  Scaling  of  Specific  Prototypes 
a.  Forms  of  bubble  scaling. 


b.  High  explosive  prototype  shots,  in 
deep  water  and  on  the  bottom. 

c.  Under-ice  explosions. 

d.  Shallow  underwater  nuclear  explo¬ 
sions. 

e.  Deep  underwater  nuclear  explosions. 

Preliminary  research  In  static  tanks  at  NOL 
and  on  a  small  NOL  centrifuge  included  engineering 
problems  of  (1)  a  layout  of  optical  and  mechanical 
plan,  (2)  tank  design,  (3)  windows  and  access 
ports,  (4)  mirror,  (5)  beam  for  support  of  tank 
(5)  fairing  structure,  (6)  camera  and  mounting, 
and  (7)  other  equipment  illumination.  For  most  of 
the  deep  shots,  the  maximum  explosion  bubble 
radius,  and  its  first  period,  T,  were 

measurements  of  primary  Interest,  and  those  of 
secondary  interest  were  the  growth  of  the  surface 
water  mount  and  plume  development.  For  shallow 
shots  the  surface  phenomena  were  of  primary 
Importance. 

Problems  encountered  in  experimental  proce¬ 
dures  Included  the  determination  of  the  wate** 
surface  position  o.-er  the  charge,  location  of 
optical  axes,  and  determination  of  radial  distance 
from  the  centrifuge  axis  to  the  water  surface. 

The  windows  bulged  during  acceleration,  acting  as 
lenses,  and  the  undersurface  of  the  water  acted 
as  a  mirror,  diverting  light  paths. 

The  number  and  nature  of  parameters  which 
must  be  carefully  controlled  in  the  modeling  of 
underwater  explosion  bubbles  is  probably  more 
critical  than  most  other  types  of  centrifugal 
modeling.  These  include  charge  depth,  water 
volume  and  level,  acceleration  control  and  evalua¬ 
tion,  air  pressure  control,  and  water  temperature. 

The  data  points  obtained  from  tests  were  in 
agreement  with  prediction  curves.  These  tests 
represented  the  initial  explosion  experiments  in 
an  accelerated  test  tank  in  a  centrifuge.  The 
accuracy  of  predictions  was  evlauated  by: 


r- 


r: 


A  measured 
max  m 


A calculated 
max  m 


T  measured 
m 


(20) 

(21) 


For  these  Indices,  unity  indicates  agreement  of 
the  prediction  with  a  measurement.  For  54  shots, 
the  average  I  a  was  0.990  with  a  standard  devia¬ 
tion  of  ±.039  while  Ij  was  0.994  ±  .045.  The 
standard  deviation  shows  68%  of  the  A^x  m’s  were 
within  about  ±4%  of  expected  values  and  68%  of 
the  Tm's  within  about  ±4.5%. 

Since  the  calculated  A^ax  m's  and  Tm’s  were 
based  on  measurements,  the  indices  indicate  the 
reliability  of  predictive  equations  in  the  high- 
gravity  tank.  However,  they  do  not  indicate  the 
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degree  of  experimental  control  or  the  error:  of 
Interpolation  and  extrapolation  resulting  from  the 
use  of  charts  for  dm,  am,  and  Pm. 


FUTURE  RRESEARCH 


As  with  underwater  explosions  and  cratering 
some  of  the  effects  of  chemical  explosions  scale 
anl  some  can  be  modeled  with  conventional  modeling 
techniques.  This  holds  for  true  cratering,  but 
for  apparent  cratering  gravity  effects  dominate 
for  large  explosions.  Full  scale  experiments  have 
been  very  costly,  and  significant  gravity  effects 
can  be  modeled  with  accurate  simulation  In  a 
centrifuge  at  a  small  fraction  of  the  cost  In 
time  and  effort.  In  most  model  tests  in  the 
application  of  centrifugal  loading.  It  Is  desired 
to  simulate  the  effects  of  gravity.  In  apparent 
cratering  the  solid  particles  generated  by  an 
explosion  are  propelled  Into  a  trajectory  by  the 
explosive  force  and  move  In  a  gravitational  force 
field  created  by  their  planetary  movement  caused 
by  the  centrifuge  rotor.  Stress  or  pressure 
fields  In  solids  (soil  and  rock  and  water)  are 
developed  by  the  centrifugal  gravitational  field. 
The  earth's  field  gravity  Is  constant,  while  In 
the  centrifuge  It  varies  as  the  radial  distance. 
However,  this  can  be  compensated  by  calculations 
or  by  the  adjustment  of  given  parameters  where 
necessary. 


For  experimentation  In  the  research  area  of 
munitions-structures  effects,  a  primary  use  of 
centrifugal  testing  will  be  to  simulate  stress  and 
failure  effects  due  to  combined  gravity  and  blast 
effects.  Other  structural  tests  requiring  body 
force  loading  are  also  possible.  Areas  for 
research  Include: 


1.  Continued  investigations  of  true  and  apparent 
cratering  in  soil  and  rock,  and  energy  partition¬ 
ing  as  a  function  of  critical  parameters. 


2.  Research  In  rock  burst  effects,  stress, 
strain  and  energy  release,  relation  to  military 
structures. 


3.  Failure  of  surface  and  deep  structures  due  to 
gravity  and  explosion  effects. 


4.  Buried  structures  In  soil,  combined  effects 


5.  Failure  of  shallow  and  deep  unsupported 
structures  in  rock. 


6.  Failure  of  shallow  and  deep  supported  struc¬ 
tures  in  rock. 


7.  Failure  of  surface  or  r.ear-surface  protective 
structures. 


8.  Arching  of  soils,  broken  and  natural  rock, 
static  and  dynamic  effects. 


9.  Shallow  buried  cylinders. 


Some  of  the  related  basic  technical  subjects 
which  require  Investigation  are: 


1.  Nave  propagation  and  attenuation  on  a  small 
scale,  modeling  of  the  same. 


2.  Mechanics  or  geologic  structure  failure  under 
gravitational  force. 


3.  Mechanics  of  static  and  oynamlc  arching  of 
natural  materials. 


4.  Identification  of  structures  affected  by 
gravity. 


5.  Identification  of  applications  of  body  force 
testing,  non-simulation. 


6.  Effects  of  explosive  loading  on  centrifuge 
rotor  and  bearings,  etc. 


7.  Mechanics  of  response  of  domes,  cylinders, 
slabs,  and  composite  elements. 


8.  Frequency  response,  single  and  multiple 
degrees  of  freedom. 


9.  Equipment  response  under  gravity  and  shock 
loading. 


10.  Shock  isolation  under  model  graylty  loading. 


APPLICABLE  PRINCIPLES 


1.  Body  force  and  dynamic  loading  of  geologic 
sections. 


Simulated  a  long  period  pulse  with  one, 
two,  and  three  directional  effects. 


b. 


Body  force  loading  producing  a  simulated 
earth  gravity  stress  field. 


c. 


Sustained  realistic  load  before,  during, 
and  after  Initial  failure. 


d. 


Creation  of  local  load  weight  effects  on 
gravity  members,  in  addition  to  the  self 
weight  due  to  gravity  stress  field. 


3.  Superimposed  explosive-gravity  loading. 
Model  apparent  cra.erlng. 
a. 


Non-trlvlal  dynamic  similarity:  size, 
density,  and  time. 


b. 


Complete  and  exact  dynamic  similarity  by 
use  of  same  material  which  Is  rate  Inde¬ 
pendent. 


c. 


Ottawa  sand  prov  des  reproducibility  for 
apparent  cratering  phenomena  ±4*. 


d. 

e. 


Coriolis  effects  are  ngllglble. 


large  explosive  (nuclear)  yield  can  be 
simulated  with  small  scale  charges. 


,1/3 


Gravity  parameter  (g/Q)(Q/6)  ""  gives 
quantitative  agreement  for  four  explo¬ 
sives. 
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g.  ?t  parameter  Includes  g,Q,W,6,  and 

2 

strength  of  material. 

h.  Defines  two  regimes,  cohesion  and  lltho- 
static  pressures,  i.e.,  defines  scaling 
effects  of  earth's  crust. 

i.  Gravity  scaling  1/3.6  Instead  of  1/4 
root  scaling  as  predicted  by  Sedov  and 
others. 

3.  Model  underwater  explosions. 

a.  Geometric  similarity  attained  for  (1) 
bubble-water  surface,  and  (2)  bubble 
radii  ratios. 

b.  Froude  (gravity)  scaling  applicable  for 
centrifugal  modeling  of  bubble  behavior. 

c.  Correction  methods  defined  for  scaling 
in  a  tank:  (1)  radius  coefficient,  and 
(2)  time  coefficient  obtained  from  small 
static  tank  tests. 

d.  Water  pressure  scaling  for  gravity  by 
means  of  Froude  number. 

4.  Other  areas  of  research. 

a.  Situations  requiring  body  force  loading. 

b.  Modeling  of  complex  structures. 

c.  Complement  mathematical  modeling. 

d.  Modeling  of  physical  properties. 

e.  Self-similar  processes. 

f.  Simultaneous  static  and  dynamic  effects. 

g.  Studies  of  skin  and  internal  friction. 

h.  Egress  studies. 
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ABSTRACT 

Experimental  data  on  large  bombs  Impacting 
and  penetrating  layered  pavement  systems  are  very 
scarce  due  to  the  exteme  costs  of  both  target  con¬ 
struction  and  testing.  Past  attempts  to  model 
physically  the  penetration  of  geological  targets  at 
sub-scale  have  shown  that  simple  replica  modeling 
is  net  satisfactory.  In  this  study,  a  dissimilar 
material  technique  was  applied  to  the  modeling  of 
pavement  penetration  by  large  bombs.  Two  runway 
types  were  modeled,  a  rigid  and  flexible  surface. 
Runway  material  included  clay,  gravel,  cushed 
stone,  concrete,  and  asphalt.  Special  procedures 
were  used  to  monitor  subsurface  material  properties 
during  runway  construction  and  ensure  modeling 
requirements  were  being  met.  The  deforming  steel 
bomb  case  was  modeled  with  a  special  tin-antimony 
alloy.  The  modeled  bomb  was  instrumented  with  ac¬ 
celerometers  mounted  on  the  bomb  nose  and  tall  dur¬ 
ing  testing.  This  paper  presents  che  modeling 
techniques  and  typical  test  results. 

INTRODUCTION 

Projectile  penetration  into  concrete  and  geo¬ 
logic  materials  is  a  very  complicated  process  depen¬ 
dent  upon  characteristics  of  the  target,  projectile 
and  impact  conditions.  Intense  dynamic  stresses  are 
developed  locally  at  the  impacted  target  region  and 
can  produce  crushing,  cratering,  shear  failure 
and  tensile  fractures.  The  target  materials  are 
usually  highly  nonhomogeneous  with  wide  variations 
in  properties,  thus  limiting  the  application  of 
computational  mechanics  for  predicting  penetrations. 
[1].  Early  research  and  development  of  penetra¬ 
tion  prediction  techniques  was  primarily  based  on 
empirical  data  [2].  The  development  of  depth  of 
penetration  formulas  is  usually  systematic  and 
evolves  by  choosing  parameters  considered  pertinent 
to  the  penetration  process  being  modeled,  deriving 
penetration  formulas  from  the  available  data  base, 
and  later  refining  formulas  by  including  additional 
parameters  [3]. 

Predicting  penetration  depths  Into  layered 
geologic  targets  by  large  projectiles  involves 
additional  difficulties.  Targets  contain  a  number 
of  layers  of  materials  each  subject  to  large  varia¬ 
tions  and  ncnhomogenelties.  Modeling  of  layered 
target  systems  has  also  been  predominantly  empirical. 


However,  for  large  projectiles,  tests  are  expensive 
and  can  require  great  efforts  In  target  construc¬ 
tion  and  projectile  delivery.  Scale  modeling 
offers  a  useful  alternative  to  full-scale  penetra¬ 
tion  testing.  Because  penetration  into  geologic 
targets  does  not  scale  In  a  simple  geometric  way 
[4],  subscale  test  design  Is  critical  and  requires 
special  considerations.  The  objective  of  this 
paper  is  to  present  techniques  used  In  modeled 
penetration  testing  of  layered  pavement  systems  by 
large,  deformable  bombs. 

SCALE  MODEL  ANALYSIS 

Previous  studies  have  shown  depth  of  penetra¬ 
tion  Into  concrete  and  geologic  targets  Increases 
with  projectile  Impact  energy  and  decreases  with 
target  resistance.  Many  empirical  relationships 
are  available  with  some  variation  In  governing 
parameters.  The  parameters  basic  to  most  penetra¬ 
tion  formulas  Include  projectile  velocity,  weight 
and  dimensions,  and  target  strengths,  densities 
and  dimensions.  Refinements  can  Include  nose  shape 
factors,  aggregate  size,  moisture  content  and 
others  [3].  To  model  projectile  penetration  Into 
the  layered  pavement  system,  the  projectile,  runway 
surface  and  subsurface  layers  were  described  with 
37  parameters.  Details  of  the  model  analysis  are 
available  In  Reference  5.  Some  of  the  basic  para¬ 
meters  considered  are  shown  In  Figure  land  Include: 

Projectile 

Pp  -  Case  density 

op  -  Case  strength  (yield,  ultimate,  etc) 
tp  -  Case  elastic  modulus 
-  Characteristic  length 
dp  -  Diameter 
V0  -  Impact  velocity 
6  -  Impact  angle 
Target 

p 5  —  Surface  Density 

os  -  Surface  strength  (yield,  ultimate,  etc) 
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hs  -  Layer  thickness 

ds  -  Particle  size  (aggregate) 


DcV5 

-  Cauchy  Number 

°c 


Pg  -  Base  course  or  subgrade 
g  -  Gravity 
hg  -  Layer  thickness 
dg  -  Particle  size 
Projectile  Response 
A  -  Deceleration 


The  Froude  number  is  the  ratio  of  gravitational  ef¬ 
fects  to  inertial  effects.  When  multiplied  and 
divided  by  pc,  the  numerator  becomes  potential 
energy  per  unit  volume  and  the  denominator  becomes 
kinetic  energy  per  unit  volume.  The  Cauchy  number 
is  the  ratio  of  inertial  effects  to  inherent  strength 
or  constitutive  effects.  Three  physical  processes 
(gravitational,  inertial  and  constitutive  effects) 
are  related  to  one  another  through  these  two  pi 
terms. 


V  -  Velocity 
X  -  Position 


If  the  model  and  prototype  are  to  be  similar, 
the  dimensionless  ratios  must  be  the  same  in  model 
and  prototype  systems.  To  reduce  the  size  of  the 
modeled  system,  a  scale  factor  x  is  defined  as 


t  -  time. 

Strength,  density  and  geometric  dimensions  are  given 
for  both  the  projectile  and  target.  Gravity  was 
considered  for  the  target  subgrade  to  account  for 
its  penetration  resistance  derived  from  dead  weight 
of  overburden. 


Subgrade 


Figure  1.  Projectile  Penetration  Parameters 


a  =  d^  (Model) 
dp  (Prototype) 


(1) 


Using  the  subscript  m  for  model  and  p  for  prototype, 
the  Froude  number  requires  similar  ratios: 


^Pm  .  V°m  9m  . 
dPp  gP  v6p 


(2) 


Unless  the  acceleration  of  gravity  is  increased  by 
special  techniques  such  as  a  centrifuge,  the  ratio 
of  gm  to  gp  is  fixed  at  1  which  thus  requires 


and 


V 


°m  ~ 


^  vop 


Then,  from  the  Cauchy  number 


(3) 


(4) 


(5) 


Dimensionless  ratios  were  obtained  using  the 
pi  theorem  [6].  The  model  analysis  resulted  in  34 
pi  terms  which  were  categorized  as  nondimensional 
parameters  and  self-similar  geometries,  densities, 
strengths  and  response  terms.  Some  of  the  pi  terms 
containing  parameters  of  Figure  1  are: 


P£ 

Or 


£2 

Or 


The  two  pi  terms  which  determined  the  model 
law  were: 


Si 

»o2 


Froude  Number 


The  relationship  in  Equation  5  can  be  satisfied  best 
by  maintaining  a  material  density  ratio  of  1  and 
selecting  model  materials  with  strengths  weaker  by 
the  scale  factor  x.  This  technique  of  dissimilar 
material  modeling  was  used  in  the  penetration  study 
and  requires  careful  selection  of  materials  for 
both  projectile  and  target. 

SCALE  MODEL  DESIGN  AND  CONSTRUCTION 

Candidate  projectile  materials  were  selected 
based  on  prototypical  properties  and  limitations  of 
test  facilities.  Model  projectile  material  proper¬ 
ties  determined  the  scale  factor,  and  targets  were 
constructed  according  to  model  laws.  Impact  veloci¬ 
ties  were  also  scaled  according  to  Equation  4. 
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Tin  alloys  have  been  used  In  past  research  to 
simulate  steel  structures  and  were  chosen  as  primary 
candidates  for  modeling  the  steel  projectile. 
Materials,  compositions  and  properties  were  compiled 
for  a  variety  of  tin  alloys.  White  metal  (92%  Sn, 

8*  Sb)  was  selected  as  the  best  material  for  simu¬ 
lating  the  projectile  steel  casing  primarily  because 
of  Its  high  Izod  value  (measure  of  material  tough¬ 
ness).  In  previous  research.  White  metal  was  used 
to  model  responses  of  steel  ship  hull  bottoms  to 
dynamic  loadings  [7].  Several  tin  alloys  were 
tested  In  the  previous  research  for  the  dissimilar 
material  requirements.  White  metal  was  found  to 
be  the  best  alloy  *or  modeling  the  steel  at  high 
strain  rate  loadings.  Other  alloys  proved  too 
brittle.  White  metal  iropertles  are: 


Modulus  of  Elasticity  -  5.25  x  106  psl 

Density  -  .260  psi 

Static  Yield  -  6400  psi 

Dynamic  Yield  -  10,000  psi. 


Based  on  the  ratio  of  moduli  of  elasticity  for 
steel  and  white  metal,  a  geometric  scale  factor 
(a)  of  1/6  was  chosen. 


Scale  factors  derived  from  the  model  analysis 
were  used  within  practical  limits,  for  designing 
both  a  rigid  and  thin  asphalt  modeled  runway. 

Linear  dimensions  such  as  slab  sizes,  layer  thick¬ 
nesses  and  aggregate  diameters  were  scaled  by  A  for 
the  asphalt,  concrete  and  granular  materials. 
Dimensions  and  materials  of  the  scaled  rigid  runway 
and  thin  asphalt  surface  designs  ire  given  in 
Figure  2.  Material  strengths  were  scaled  according 
to  the  previously  derived  modeling  relationships. 
Asphalt  and  concrete  strengths  were  scaled  by  A. 

CBR  ratios  for  the  subsurface  materials  were  equated 
to  modulus  of  subgrade  reaction  (k)  values  using 
relationships  found  in  Reference  8.  A  scaled  plate 
bearing  test  was  devised  and  used  to  monitor  sub¬ 
surface  material  properties  during  scaled  runway 
construction.  During  the  scaled  plate  bearing 
tests,  a  steel  plate  five  inches  in  diameter  was 
loaded  to  a  bearing  stress  of  1.66  psi.  Required 
deflections  for  the  various  materials  were  deter¬ 
mined  from  the  relationship: 


(6) 


where:  a  *  deflection  (inches) 

p  =  bearing  stress  (1.66  psi) 
k  =  desired  modulus  of  subgrade  (pci) 

The  concrete  slabs  were  cast  in  four  foot 
square  sections.  In  order  to  simulate  construction 
details  for  the  modeled  runway,  the  sandy  soil  at 
the  test  location  was  excavated  and  replaced  with 
clay.  The  clay  subgrade  was  placed  in  layers  and 
conditioned  to  meet  the  appropriate  scaled  material 


Asphaltic  Concrete 

1 1n. 

Portland  Cement  Concrete 

1.33  in. 

Gravel  Base  Course 

4.33  In. 

Clay  Subgrade  z7  31  in. 


a)  Rigid  Pavement 


Hot  bill  Asphaltic  Concrete  j  .33  in. 


Unbound  Base  t  1  in. 

Unbound  Subbcsc 

|  1.M  in. 

Compacted  Subgrade 

1  in. 

Uncompacted  Subgrade 

7  31  in. 

b)  Thin  Asphalt  Surface 
Figure  2.  Pavement  Design  (1/6  Scale) 

properties.  Placing  the  scaled  runway  sections 
required  conducting  appropriately  scaled  plate 
bearing  tests  to  make  sure  scaled  material  proper¬ 
ties  were  developed.  Above  the  clay  subgrade,  the 
runway  sections  have  different  base  courses.  The 
main  runway  section  has  a  gravel  base  course,  sand 
when  geometrically  scaled,  while  the  redundant 
surface  has  a  crushed  stone  base  and  gravel  subbase. 
The  concrete  runway  was  formed  in  the  four  foot 
square  sections  and  the  base  course  was  hand 
screeded  for  leveling  at  the  required  thickness. 

The  base  course  was  compacted  to  meet  specifica¬ 
tions,  as  were  all  layers  of  the  runway  construction. 
Concrete,  designed  with  scaled  strength  and  aggre¬ 
gate  size,  was  then  placed  and  leveled.  Finally, 
the  asphalt  overlay  was  placed  on  the  main  runway 
section  and  compacted  to  finish  runway  construction. 

TEST  RESULTS 

A  total  of  46  baseline  penetration  experiments 
were  accomplished.  Two  tests  against  the  rigid 
pavement  and  one  test  against  the  thin  asphalt 
surface  were  performed  with  Instrumented  projec¬ 
tiles.  Accelerometers  were  attached  to  the  nose 
and  tall  of  the  projectiles.  Typical  accelerometer 
data  from  the  Instrumented  tests  are  shown  in 
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Figure  3.  The  large  difference  In  nose  and  tall 
deceleration  Is  obvious  In  the  acceleration-time 
histories  for  penetrations  Into  the  rigid  pavement. 
The  accelerometer  data  were  numerically  Integrated 
and  used  to  compare  velocity-time  and  displacement¬ 
time  records  as  well  as  total  depth  of  penetration. 
Results  are  shown  In  Figure  3.  Plastic  deformation 
of  the  projectile  Is  evident.  The  nose  and  tall 
have  different  velocity  and  displacement  histories. 
A  simple  computational  technique  was  developed  and 
compared  with  the  experimental  results.  Since  the 
computational  model  considered  a  rigid  projectile, 
the  predicted  values  should  be  compared  to  the 
average  of  the  nose  and  tall  values.  As  such,  the 
results  appear  very  good.  Also,  the  differential 
displacement  of  the  projectile  nose  and  tall  was 
determined  to  be  0.8  Inches  from  Integration  of 
the  acceleration-time  curves.  Deformations  on 
the  projectile  were  measured  and  matched  the 
calculated  0.8  Inches.  The  computational  model 
was  exercised  using  both  modeled  and  prototype 
dimensions  and  results  matched  expectations  from 
the  mo.'l Ing  laws.  An  Important  observation 
from  Figure  3  Is  the  bulk  of  the  penetration  resis¬ 
tance  occurs  when  the  projectile  Is  penetrating 
through  the  concrete  which  Is  the  strongest  layer. 
Observations  showed  failure  of  the  concrete  by 
plugging  before  the  projectile  completely  pene¬ 
trated  through  the  concrete  layer.  Figure  3 
reveals  c  rapid  decrease  in  deceleration  correspond¬ 
ing  to  concrete  pltgglng.  The  weaker  subgrade 
offered  little  resistance  to  penetration. 


SUMMARY 

Using  dissimilar  modeling  techniques,  an  ex¬ 
perimental  program  was  designed  and  conducted  to 
study  penetration  of  layered  pavement  systems  by 
large  projectiles.  The  modeling  laws  required 
reducing  projectile  and  target  strengths  and  Impact 
velocities.  Instrumented  projectiles  resulted  In 
valuable  insight  to  target  penetration  resistances. 
Experimental  results  compared  favorably  with  a 
computational  technique  at  both  subscale  and  full- 
scale. 
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ABSTRACT 

Considerable  scatter  is  evidenced  in  the 
data  obtained  when  pressure  measurements  are 
made  in  the  vicinity  of  undergr >und  explosions 
of  moderate  size.  A  research  program  is  cur¬ 
rently  underway  to  identify  and  understand  the 
reasons  for  this  scatter.  In  this  program,  a 
compression  split-Hopklnson  pressure  bar  appara¬ 
tus  is  being  used  for  identifying  those  soil 
parameters  which  are  most  responsible  for  varia¬ 
tions  in  soil  pressures  measured  during  high 
amplitude,  short  duration  loading.  An  investi¬ 
gation  is  also  being  conducted  using  existing 
pressure  transducers  to  identify  the  sensitivity 
of  various  transducers  to  those  so1 1  parameters. 
3ased  upon  parameters  identified  and  experimen¬ 
tal  results,  existing  theories  for  wave  trans¬ 
mission  through  a  granular  media  will  be  extend¬ 
ed  or  new  models  developed.  This  paper  discus¬ 
ses  results  from  initial  testing  and  plans  for 
future  tests.  A  description  is  also  given  of 
the  new  wave  propagation  test  facility  to  be 
utilized  in  these  tests. 


INTRODUCTION 

In  conducting  underground  explosion  tests  of 
moderate  size,  reproducibility  of  measurements 
from  one  explosion  to  another  using  the  same 
location,  measuring  device  and  so  called  "identi¬ 
cal  charge  size"  is  not  usually  the  norm.  Stan¬ 
dard  deviations  as  high  as  150  percent  have  been 
reported  (1].  Though  methods  of  calculating 
these  deviations  may  be  debatable,  reported 
variations  in  measurements  are  quite  high  [2-4]. 
Assuming  proper  use  of  the  pressure  measuring 
instruments,  this  scatter  is  too  great  to  have 
been  caused  by  errors  in  measurement  precision 
or  signal  transmission.  Scatter  is  more  likely 
to  have  been  due  to  variations  in  soil  properties 
between  tests  or  differences  in  contact  between 
the  soil  and  the  pressure  transducer  in  use. 

A  number  of  researchers  have  investigated 
elastic  wave  transmission  tnrough  granular  media 
both  analytically  and  experimentally  [5-10]. 
Reasonable  correlation  between  theory  and  experi¬ 
ment  has  beer,  shown  for  the  ranges  of  the  test 
data.  However,  for  high  amplitude,  short  dura¬ 
tion  pulses  near  high  explosive  sources,  which 
can  drastically  alter  material  properties  of  the 


soil  medium,  large  variations  can  occur  in  pres¬ 
sure  measurements.  It  is  apparent  that  carefully 
controlled,  laboratory  experiments  are  necessary 
to  Isolate  and  study  those  parameters  or  properties 
which  influence  pressure  wave  characteristics  in 
soils.  Pressure  waves  need  be  studied  beyond  the 
seismic  levels  previously  tested  and  extended  to 
magnitudes  where  significant  alterations  of  soil 
properties  can  be  expected. 

This  paper  discusses  an  ongoing  research  pro¬ 
gram  aimed  at  investigating,  both  experimentally 
and  analytically,  the  effects  of  soil  properties 
on  the  transmission  of  pressure  pulses  through  the 
soil  and  their  effects  on  the  soil-structure  inter¬ 
face  pressure  measureawnts.  The  main  Instrument 
being  used  in  this  study  of  wave  propagation  is 
the  split  Hopklnson  pressure  bur.  The  main  objec¬ 
tive  of  the  program  is  to  identify  those  soil 
parameters  which  are  most  responsible  for  varia¬ 
tions  in  soil  pressures  smasured  during  high 
amplitude,  short  duration  loading  events  and  to 
better  understand  their  effects.  Initial  experi¬ 
ments  were  performed  with  an  existing  0.5-inch 
diameter  split  Hopklnson  bar  to  determine  if  it 
could  be  used  to  transmit  pressure  pulses  into 
the  soil  specimens.  A  two-inch  dlaamter  bar  was 
then  fabricated  to  provide  a  larger  bearing  area 
for  the  granular  specimens  and  to  accommodate 
various  transducers  for  swasurlng  pressures  at 
the  soil-steel  bsr  Interface. 


Split  Hopklnson  Pressure  Bar  Apparatus 


In  order  to  examine  effects  of  soil  proper¬ 
ties  on  pressure  measurements,  a  device  was  needed 
which  could  generate  a  known  pressure  pulse  into 
a  soil  sample.  The  choice  of  lnutruments  for 
this  program  was  a  split  Hopklnson  pressure  bar 
apparatus  which  uses  the  Impact  of  one  bar  onto 
another  to  generate  a  pressure  wave  and  then  usee 
this  pressure  wave  to  load  a  specimen  sandwiched 
between  two  identical  bars.  A  schematic  is  pre¬ 
sented  in  Figure  1  showing  the  apparatus  config¬ 
ured  to  study  the  propagation  of  coa^reaslon  waves 
Referring  to  Figure  1,  the  operation  of  the  system 
for  a  linear  elastic  Mterial  specimen  is  as 
follows' 


s  A  striker  bar  is  put  in  swtlon  by  a 

launcher  and  it  Impacts  the  Incident  bar 
with  a  velocity  V. 
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•  The  Inpact  produce*  an  almost  rectangular 
stress  pulae  of  Magnitude  pcV/2  In  the 
striker  bar  and  the  Incident  bar.  The 
pulae  length  In  tine  la  ts  •  2La/ci  p  la 
the  bar  density,  c  la  the  bar  elastic 
atreaa  wave  apeed  and  Ls  la  the  striker 
bar  length. 

a  The  conpreaaive  atreaa  pulae  propagates 
away  free  ehe  impacted  enda  of  each  bar 
at  a  apeed  of  c.  When  the  atreaa  wave 
reachea  the  free  end  of  the  etriker  bar 
It  la  completely  reflected  aa  a  tanalle 
wave  and  it  travel*  back  toward  the  im¬ 
pacted  end.  Thia  tensile  wave  unloada 
the  enda  of  the  atrlker  bar  and  the 
Incident  bar  and  the  bar a  aeparate. 

e  The  conpreaaive  pulae  travel*  down  the 
incident  bar  and  lnpingea  on  the  aanple 
candwlched  between  the  Incident  bar  and 
the  transmitter  bar.  Depending  on  the 
phyaical  propertiea  of  the  aanple,  por- 
tlona  of  the  etreea  pulae  are  reflected 
back  into  the  Incident  bar  and  portion* 
are  trananltted  Into  the  trananitter  bar. 
The  reflected  and  transmitted  portions 
of  the  stress  pulse  are  proportional, 
respectively,  to  the  strain  and  stress  in 
the  specimen. 

e  Strain  gages,  located  equidistant  from 
the  specimen  to  provide  tlasi  coincident 
pulses,  are  uaed  to  awasure  the  magnitude 
and  duration  of  the  incident,  reflected 
and  trananltted  pulaes.  It  can  be  shown 
that  the  Integral  of  the  reflected  pulse 
la  proportional  to  the  strain  in  the 
apeclawn  and  when  displayed  along  with 
the  transmitted  pulse  (proportional  to 
stress  In  the  specimen)  a  dynamic  stress- 
strain  curve  can  be  determined. 


Figure  l.  Schematic  Viaw  of  Spllt-Hopklnaon 
Pressure  Bar 


Questions  concerning  how  much  of  the  pressure 
pulae  1*  transmitted  to  the  teat  sample  and  In 
turn  how  much  of  the  atreaa  pulse  in  the  sample  ts 
trananltted  to  the  transmitter  bar  may  be  addres¬ 
sed  moat  eaally  using  one-dinenalonal  elastic 
stress  wave  propagation  theory.  When  a  wave  ls 
travelling  In  a  medium  of  acouatic  Impedance  P]Ci 
and  encounter*  an  interface  of  mother  material 
of  impedance  P2C2>  stress  magnitude  of  the 


transmitted  pulae  oy  and  reflected  pulae  otg  can  be 
written  In  terms  of  the  Incident  pulae  oj.  Using 
Figure  2  and  Reference  ril,  the  following  expres¬ 
sions  may  be  found. 


Figure  2.  Schematic  of  Interface  between  materials 
1  and  2.  Initial  Incident  stress  oj  moving  to 
the  right. 
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If  two  elastic  materials  go  to  infinity  In  both 
directions,  e  simple  reflection  and  trananleaion 
takes  place,  end  this  phenomenon  may  be  treated 
as  a  simple  stress  wave  propagation  problem  with 
the  resulting  reflected  and  transmitted  wave  forma 
almost  camplataly  Independent  of  the  Incident 
length.  A  rough  approximation  of  typical  ratioa  of 
transmitted  stroes  (oy/o i>  and  rofloctad  etroaa 
(oj/oj)  for  a  staal  incident  bar  and  typical  soli 
samples  are  given  In  Table  1-  (The  reader  ls 
reminded  that  thase  predictions  assume  that  the 
soil  samples  are  responding  as  linear  elastic 
materials).  Further  details  on  principles  of 
operation  end  description  of  the  compression 
Hopklnoon  bar  amy  be  found  in  several  publications 
such  as  References  [12,  13]. 


Experimental  Set-Up 


The  0.5- Inch  diameter  split  Hopklnson  bar  uaed 
In  initial  experiments  ls  similar  in  layout  to  the 
echeamtlc  of  Figure  1  and  are  shown  in  Figure  3. 

The  target  suiter lols,  which  are  granular  media  and 
soil  emeplos,  are  encased  In  a  hollow  cylindrical 
sloeve  that  fits  over  the  enda  of  the  Incident  and 
transmitter  bars.  The  specimen  holder  In  all 
teste  was  a  3- Inch  long  FVC  pipe  with  s  0.20-inch 
wall  thickness.  The  incident  end  woe  clesad  with 
»  C.DOl-lnch  thick  stool  shim  circular  sheet,  0.5- 
lnch  diameter,  and  the  transmitter  end  was  closed 
with  a  0.75-iach  long  stool  bar,  0.5  Inch  diameter. 
It  was  necessary  to  limit  the  thickness  of  closure 
sheets  on  the  incident  side  of  spaclmon,  to  proven^ 
"wave  trapping”  in  the  closure  sheet.  During  the 
feasibility  test  program,  both  bars  were  solid, 
lu  subsequent  testing,  a  pressure  transducer  will 
be  placed  In  the  front  end  of  the  transmitter  bar 
next  to  the  sample  (Figure  A)  or  actually  esfbedded 
within  the  soil  sample.  Details  of  the  transmitted 
pulse  will  be  measured  with  a  strain  gage  mounted 
on  the  transmitter  bar  as  well  as  with  the  pressure 
transducer.  Thus,  the  use  of  e  pressure  transducer 
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Table  1.  Material  Properties  and  Stress  Ratios 
Material  Properties  [14] 


Material 

Sandy  Top 
Soil  (dry) 
Clayey  Top 
Soil  (dry) 
Clay  (wet) 
Steel 


Density,  p 
£  /ca3 

1.39 

1.63 

1.99 

7.84 


Have  Speed,  c 
(105)  cai ,'sec 


0.23 

0.51 


1.37 

5.08 


pc 

( 105)g/ca2/aec 


0.32 

0.82 


2.73 

39.83 


Stress  Ratios 


irw  ,;rom  L.jum  h*‘r  End 


(b)  Soil  Speciran  in  Hollow  Tube 

figure  3.  Split  Hopkinaon  Bar  Test  Setup  (0.5 
inch  disaster) 


should  allow  an  Independent  check  of  the  details 
ot  wave  transaissioa. 

In  contrast  to  usual  split  Hopklnson  bar  test¬ 
ing,  tbe  sanples  in  this  progran  are  long  relative 
to  the  length  of  the  incident  stress  pulse,  so  that 
studies  can  bo  perforned  on  the  propagation  of  a 
single  wave  through  a  soil  uadi  tat.  By  using  a  con¬ 
stant  iapact  bar  velocity  and  resulting  constant 
incident  bar  stress,  speclaen  properties  can  be 
varied  and  their  effects  on  the  transaltted  pres¬ 
sure  aagnitude  and  tiae  duration  evaluated.  Tests 
can  be  run  with  and  without  the  transducer  in 
place  to  deteralne  tbe  affecte  of  the  speclaen 
properties  on  aeesursaents  made  by  the  transducer. 
Using  this  type  of  tost  device,  the  properties 
of  the  soil  can  be  varied  syateaatlcslly  to  vari¬ 
ous  stress  levels  by  siaply  changing  the  striker 
bar  velocity.  Pulse  duration  can  also  be  varied 
by  changing  the  striker  bar  length.  In  addition, 
pulse  shapes  can  be  altered  by  introducing  dif¬ 
ferent  types  of  buffer  materials  st  the  iapact 
end  of  the  incident  bar. 


Feasibility  Te»t  Program 

Initially!  thirty  experiswnts  were  conducted 
uaing  the  1/2-lnch  apllt  Hopklnson  preaeure  bar 
apparatus  ihown  in  Figure  3.  Three  different  types 
of  soil  specimens  with  significant  differences  in 
grain  size  were  utilized i  Texas  ball  clay,  sand, 
and  3me  glas  beads.  Typically,  inpact  speeds  of 
the  striker  bar  were  1060  feet  per  second  (fps), 
resulting  in  stress  waves  of  approximately  78,000 
psl  propagating  into  the  incident  bar.  Most  mate¬ 
rial  spec lawns  were  2  inches  in  length  and  material 
densities  were  varied  as  follows: 

Texas  Ball  Clay  y  »  81.9  -  96.3  pcf 

Sand  y  -  91.7  -  112.7  pcf 

3mm  Glass  Beads  y  •  83.2  -  95.6  pcf 

The  strain  gage  signals  were  recorded  and  trans¬ 
lated  into  corresponding  stress  levels.  Typical 
traces  (Test  20)  are  given  in  Figure  5.  The 
top  portion  of  the  figure  presents  the  stress-time 
history  of  the  incident  bar  and  the  bottom  portion 
corresponds  Co  the  transmitter  bar.  The  ht*t 
pulse  in  the  incident  bar,  designated  by  (X), 
corresponds  to  the  initial  compressive  wave  caused 
by  impact  with  the  striker  bar.  The  second  wave, 
designated  by  (l),  is  the  reflection  of  the  initial 
wave  off  the  interface  of  the  incident  bar  and 
test  specimen.  The  wave  shown  in  the  transmitter 
bar  is  the  stress  wave  "transmitted"  through  the 
Interface  of  the  test  specimen  and  the  transmitter 
bar.  This  figure  presents  both  the  experimentally 
measured  stress  waves  and  the  waves  predicted 
using  one-dimensional  wave  theory  and  assuming 
linear  elastic  target  material  response.  Since 
the  wave  speed  in  the  clay  was  unknown,  a  value 
of  100U  fps  was  selected  for  comparisons. 

The  close  match  between  predicted  and  measured 
stress  wave  profiles  in  the  Incident  bar  was 
expected  since  the  nagnltude  of  the  stresses  was 
well  below  the  yield  point  in  the  steel  bar  and 
elastic-wave  propagation  in  long  bars  is  essenti¬ 
ally  a  one-dimensional  phenes  tenon .  However,  the 
predicted  and  measured  values  of  the  wave  profile 
in  the  transmitter  bar  seem  to  show  little  resem¬ 
blance.  Again,  this  was  expected  since  soils  do 
not  behave  as  linear  elastic  materials  at  stresses 
on  the  order  of  1000  psl.  T.t  is,  in  fact,  one  of 
the  main  objectives  of  this  program  to  better 
understand  wave  propagation  through  the  soil  spe¬ 
cimen,  so  that  the  actual  transmitted  stress 
profile  can  be  predicted. 

Measured  values  of  peak  transmitted  stress, 
comparable  to  wave  (?)  of  Figure  5,  are  plotted 
in  Figure  6,  as  a  function  of  initial  soil  specific 
weight.  For  the  sand  and  clay  specimens,  the 
measured  peak  stress  is  seen  to  -increase  with 
increasing  density.  Tills  should  be  expected  since 
the  amount  of  stress  transmission  is  proportional 
to  the  impedance  of  the  soil,  which  is  the  product 
of  the  soil's  density  and  local  sound  speed. 
Likewise,  a  plot  of  the  measured  values  of  the 
specific  Impulse  of  each  wave  (the  integral  of  the 
stress-time  curve)  is  given  in  Figure  7  and  similar 
Increases  are  seen  for  the  sand  and  clay  samples. 


TIM  (■.:*£) 

Figure  5.  Typical  Stress-Time  History  (0.5  Inch 
diameter  bar) 


Figure  6.  Stress  latio  versus  Specific  Height 


It  should  be  noted  in  both  Figures  6  and  7 
that  the  stress  wave  transmission  of  the  glass 
bead  specimens  differs  from  that  of  the  other  ttro 
materials.  Large  scatter  in  the  data  is  evident 
and  no  increase  is  seen  with  increasing  density. 
This  behavior  was  probably  due  to  Che  large  size 
of  the  glass  particles  relative  to  the  bar  dlasw- 
ter  (3ms  vs.  12.7m).  Such  lsrge  particles  would 


Figure  7.  Specific  Impulse  Ratios  Versus  Specific 
Weight 


not  be  packed  efficiently  in  the  specimen  holder 
and  the  amount  of  contact  area  between  these  beads 
and  the  bar  would  be  small.  These  results  clearly 
demonstrate  the  need  for  a  much  larger  diameter 
Hopklnson  bar  system  for  testing  large  granular 
soils. 

The  normal  rule  for  soil  pressure  measuring 
devices  is  to  keep  the  ratio  of  the  diameter  D 
of  the  measuring  device  to  that  of  the  particle 
diameter  d  above  SO  for  cylindrical  measuring 
devices  and  above  10  for  diaphragm  dcvlcea  (Refer¬ 
ence  IS).  Table  2  lists  the  diameter  ratios  for 
the  speclmrnr  in  the  0.3-lnch  bar  experiments  and 
corresponding  diameter  ratios  for  future  testing 
with  the  2-lnch  bar.  A  2-lnch  diameter  bar  was 
chosen  for  the  large  split  Hopklnson  bar  in  order 
to  provide  enough  surface  area  for  typical  dynamic 
soil  stress  gages.  A  larger  diameter  bar  could  be 
used,  but  Increases  in  bar  diameter  also  increase 
two-dimensional  effects  which  complicate  interpre¬ 
tation  of  pressure  transmission  pulses.  The  2- 
lnch  diameter  bar  is  shown  in  Figure  8.  Stainless 
steel  bars  age-hardened  to  140  ksl  yield  strength 
and  162  ksl  ultlsuite  strength  were  used  for  the 
split  Hopklnson  bar.  Both  the  incident  and  trans¬ 
mitter  bars  are  nominally  eleven  feet  long.  Three 
projectiles  16- ,  8-  and  4-inches  long  are  avail¬ 

able  and  are  launched  with  a  compressed  gas  gun. 


Table  2.  Diameter  Ratios  for  Bars  and  Soil 

Pa i  !  ides 


Part  icle 

d  (mm) 

D/d(D«!2. 7) 

D/d(D*50. 8) 

Glass  Bead 

3.0 

4.2 

16.9 

Sand 

2.0  -  0.6 

6.4  -  21.1 

25.4  -  84.8 

Clay 

0.01 

1270 

5080 

(a)  View  Towards  Launcher 


(L)  Soil  Specimen  Holder 


(c)  Soil  Pressure  Cage  Mount 


Figure  8.  Split  Hopklnson  Bar  Test  Setup  (2  inch 
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Future  Efforts 

The  large  split  Hopklnson  bar  will  first  be 
used  to  measure  the  effect  of  variations  In  soil 
conditions  on  pressure  wave  transmissions.  Soil 
parameters  to  be  varied  include  particle  sice 
and  moisture  content.  A  variety  of  pressure  gages 
will  be  included  for  comparing  transducer  measure¬ 
ments  with  Hopklnson  bar  measurements.  The  labo¬ 
ratory  experimental  program  will  be  complemented 
with  an  analytical  study  using  classical  wave 
propagation  theories  for  multi-phased  media.  Once 
a  clear  understanding  of  pressure  wave  transmission 
and  soil  variation  relationship  is  achieved,  pro¬ 
cedures  will  be  developed  for  designing  soil  sys¬ 
tems  to  better  mitigate  expected  pressure  loadings 
on  buried  structures.  Experimental  techniques 
developed  will  also  be  applicable  to  a  variety 
of  other  geologic  materials. 
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ABSTRACT 

Experimental  results  of  small-scale  explosive 
tests  treating  the  attenuation  of  short  duration 
airblast  In  entranceways  and  tunnels  are  reviewed 
and  analyzed.  These  tests  modeled  the  attenuation 
characteristics  of  blast  produced  by  conventional 
sized  high  explosive  bombs  in  the  100-1000  kg  range 
as  contrasted  with  the  attenuation  of  longer  dura¬ 
tion  blast  produced  by  nuclear  detonations. 

Formulae  for  scaling  the  results  to  other  struc¬ 
tures  and  explosions  and  for  predicting  blast 
pressure  and  Impulse  in  tunnels  are  presented. 


INTRODUCTION 

This  paper  presents  an  analysis  of  small  scale 
explosive  tests  (References  Ll  and  2J )  conducted  at 
the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  In  1981-1982  to  obtain  measurements 
of  short  duration,  high  explosive  blast 
penetrating  into  relatively  large  tunnels. 

Before  these  tests  a  large  amount  of  research 
had  been  conducted  on  the  attenuation  of  long  dura¬ 
tion  blast  pulses  in  tunnel  systems,  but  only  a 
small  amount  of  information  was  available  for  the 
propagation  of  high  pressure,  extremely  short  dura¬ 
tion,  pulses  produced  by  conventional  explosives 
detonated  near  a  tunnel  entrance. 

The  WES  experimental  program  consisted  of  a 
series  of  99  spherical  charges  ranging  from  113  to 
907  g  of  composition  C-4  explosive  detonated  out¬ 
side  and  inside  the  entrance  of  tunnels  of  circular 
and  square  cross-sections.  The  model  structures 
were  about  30  cm  in  diameter  and  from  4  to  24  tun¬ 
nel  diameters  long.  Both  end-on  and  side-on  burst 
configurations  were  used.  Blast  pressure  was  mea¬ 
sured  at  locations  ranging  from  1/6  to  24  diameters 
from  the  entrance.  Included  in  the  program  were 
tests  of  blast  propagation  in  a  long  straight  tun¬ 
nel,  blast  reflection  at  the  end  of  short  tunnels, 
blast  attenuation  in  side  tunnels  and  "t"  tunnels, 
blast  propagation  in  45  and  90  degree  bends  and 
blast  suppression  with  a  vented  expansion  chamber. 
This  paper  treats  only  blast  attenuation  in  a  long 
straight  tunnel.  Measurements  presented  in 


Reference  Cl]  for  this  configuration  are  reviewed 
and  formulae  for  scaling  the  results  to  other 
structures  are  presented. 

BACKGROUND 

The  object  of  the  WES  test  program  was  to 
obtain  fundamental  blast  propagation  information 
for  typical  tunnel  structure  components.  The  pri¬ 
mary  range  of  Interest  was  approximately 
1  <  W^/vA  <  4  kgl/3/n  where  w  is  the  charge 
mass  in  kg  T.N.T.  and  A  is  the  cross-sectional 
area  of  the  tunnel.  (We  have  used  0  =  /A  as  an 
extended  definition  of  "diameter"  to  refer  to 
structures  of  square  and  rectangular  as  well  as 
circular  crosssection.)  Pressure  measurements  from 
near  the  entrance  to  at  least  20  tunnel  diameters 
were  needed.  Pressures  at  the  tunnel  entrance 
ranging  from  about  0.34  bPa  (50  psi)  to  40  KPa 
(5800  psi)  were  of  interest,  as  well  as,  explosions 
inside  the  entrance. 

The  work  of  Itschner  and  Anet  M  provides  some 
excellent  data  on  blast  attenuation  in  a  straight 
tunnel  using  the  same  basic  configuration  of  the 
WES  tests.  Pressure  measurements  were  made  at 
distances  of  0.5  to  80  diameters  within  the  tuppel, 
but  the  range  of  the  tests,  about  26  <  < 

33  kg^/m  ,  is  almost  an  order  of  magnitude  larger 
than  our  needs.  This  difference  in  scale  causes 
some  very  significant  differences  in  blast  atte¬ 
nuation.  Giirke  and  Scheklinski-Gliick  L4J  obtained 
pressure  measurements  in  long  straight  tunnels  in 
the  desired  W'>//a  range,  but  had  no  pressure 
sensors  closer  than  10  diameters  from  the  entrance. 
They  also  used  cylindrical  rather  than  spherical 
charges  and  a  slightly  different  entrance 
configuration. 

EXPERIMENTAL  FACILITIES 

The  test  structures  were  fabricated  from  steel 
plate  and  heavy  wall  (0.95  cm  thickness)  steel 
tubing  of  both  round  and  square  cross-secticns. 

The  straight  tunnel  arrangement  is  shown  in  Figure 
1.  Explosive  charges  were  detonated  in  both  end-on 
and  side-on  configurations.  Piezoresistlve 
pressure  transducers  were  mounted  from  the  outside 
of  the  tunnel  so  that  the  sensing  surface  was  flush 
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END-ON  ® 


SIDE-ON  0^ 


Figure  1.  Tunnel  Blast  Configurations 


with  the  inside  wall  to  obtain  side-on  blast 
measurements.  Gages  were  also  located  facing  the 
blast  on  the  plate  surrounding  the  entrance.  The 
analog  signals  from  the  sensors  were  recorded  on  FM 
magnetic  tape  records  with  80  kHz  frequency 
response,  and  the  data  was  digitized  at  500  kHz  for 
processing  on  a  digital  computer. 

EXPERIMENTAL  RESULTS 

Experimental  results  are  presented  for  long 
straight  tunnels  with  circular  cross-section.  The 
diameter  is  0.3048  m.  Figure  2  is  a  plot  of  peak 
overpressure  measurements  from  three  tests  at  the 
3.45  kPa  entrance  pressure  level  as  a  function 


Figure  2.  Peak  Pressure  as  a  Function  of  Scaled 
Distance  for  3.45  MPa  Entrance  Pressure 
from  a  340.2  g  Explosive  Charge  for 
End-On  Bursts 


of  the  scaled  distance  x  =  x/^A  ,  where  x  is  the 
distance  from  the  entrance  and  A  is  the  cross- 
sectional  area  of  the  tunnel.  340.2  g  charges  were 
detonated  in  the  end-on  configuration.  The  measure¬ 
ments  show  a  pressure  decay  and  duration  increase 
down  the  tunnel  similar  to  that  observed  in 
References  L3J  and  L4J  but  with  the  following  dif¬ 
ferences!  (a)  Pressure  decays  monotonically  down 
the  tunnel.  A  pressure  increase  at  two  to  ten  tun¬ 
nel  diameters  of  up  to  1.6  times  the  free-field 
value  seen  in  both  shock  tube  measurements  Ls]  and 
in  the  tests  of  Itschner  and  Anet  L3J  does  not 
occur  in  thu  WES  experiments,  (b)  The  simplified 
racteristic  solutions  used  by  Coulter  and  Clark 
and  L6]  and  Itschner  and  Anet  i3J  do  not 
accurately  model  the  pressure  attenuation  and  pulse 
duration  of  these  tests. 

Figure  3  shows  attenuation  of  pressure  with 
scaled  distance  for  340.2  g  charges  detonated 
directly  in  front  of  the  entrance.  The  parameter  is 
the  nominal  (predicted)  free-field  overpressure  at 
the  entrance  assuming  0.75  kg  composition  C-4  is 
equivalent  to  1.0  kg  of  T.N.T.  The  upper  curve 
resulted  from  the  explosion  of  a  charge  half  inside 
the  entrance  suspended  at  the  center  of  the  opening. 

Figure  4  compares  the  pressure  decay  down  the 
tunnel  for  three  charge  sizes  detonated  to  produce 
the  same  nominal  3.45  ►f’a  entrance  pressure.  As 
observed  in  previous  shock  tube  and  explosive  tests 
there  is  more  rapid  attenuation  for  the  smaller 
charges  which  generate  shorter  duration  pressure 
pulses  and  shock  fronts  with  greater  curvature. 

Figures  5-7  are  plots  of  the  positive  impulse 
(time  integral  of  the  overpressure)  as  a  function 
of  the  scaled  distance  x  in  the  tunnel 
corresponding  to  the  pressure  plots  Figures  2-4. 

The  impulse  is  either  nearly  constant,  or  initially 
decays  slightly  and  then  slowly  increases. 

Explosions  were  also  detonated  in  a  side-on 
configuration.  Figure  8  shows  the  measured  peak 
overpressure  attenuation  with  scaled  distance  for 
340.2  g  charges.  Shots  1  and  3  were  fired  in  con¬ 
tact  with  the  steel  entrance  plate  and  61.0  cm  from 
the  center  of  the  entrance.  The  nominal  pressure 
at  the  center  of  the  entrance  was  3.45  ff»a.  Shot  8 
was  located  15.2  cm  out  from  the  plate  and  58.5  cm 
measured  along  the  plate  to  produce  the  same 
pressure.  From  the  entrance  to  about  one  tunnel 
diameter  the  measurements  separate  into  two  groups. 
In  the  upper  group  the  transducers  were  on  the  side 
of  the  tunnel  opposite  from  the  explosion  and 
received  a  head-on  blast  component.  In  the  lower 
group  of  measurements  the  gages  were  on  the  side  of 
the  tunnel  nearest  the  explosion  and  received  pri¬ 
marily  side-on  blast.  These  two  groups  converge  at 
a  distance  of  about  one  diameter  into  the  tunnel. 

Figures  9  and  10  show  pressure  and  impulse 
attenuation  for  five  entrance  pressure  levels  for 
340.2  g  charges  detonated  in  the  side-on  con¬ 
figuration.  Pressures  at  one  diameter  correlate 
well  with  transmitted  pressures  measured  in  shock 
tubes,  Reference  L5J,  for  blast  side-on  to  a  tunnel 
entrance. 
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SCALING  RELATIONS  FOR  A  LONG  STRAIGHT  TUNNEL 

The  results  of  the  WES  tests  were  analyzed  to 
develop  simplified  peak  pressure  and  Impulse  *  r- 
mulae  suitable  for  engineering  design  of  tunnel- 
like  protective  structures.  The  peak  pressure 
attenuation  with  distance  in  a  tunnel  was  fit  to 
the  following  modification  of  the  Broh  Equation 
given  in  Reference  8s 

p  =  Pj/t  1  +  tan  [(ir/2)  x/(x  +  £)]}  (1) 

where  P  =  pressure  at  distance  x  inside  tunnel 
p^  =  pressure  at  tunnel  entrance 
x  =  distance  from  entrance 
A  =  cross-sectional  area  of  the  tunnel 
x  =  x/^A  scaled  distance  from  entrance 
W  =  dimensionless  empirical  decay 
parameter 

For  the  end-on  burst  configuration  E  is  given  by 

E  =  Xe  (W2/3/A)  (Po/F>i)0,4  (2) 

where  W  =  charge  weight 

P0  =  atmospheric  pressure  in  same  units  as 

pi 

Ke  =  0.586  for  W  in  kilograms  and  A  in 
square  meters 

Ke  =  3.72  for  W  in  pounds  and  A  in 
square  feet 

For  the  side-on  burst  configuration  E  is  given  by 

E  .  Ks  (W2/3/A)  (P0/fi)0-8  (3) 

where  Ks  =  2.26  for  W  in  kilograms  and  A  in 
square  meters 

Ks  =  14. A  for  w  in  pounds  and  A  in 
square  feet 

For  design  purposes  impulse,  I  ,  in  the  tunnel 
is  essentially  constant  with  distance  into  the  tun¬ 
nel,  except  at  the  ends  of  the  tunnel.  For  the 
end-on  burst  configuration  the  Impulse 

I  »  Ioe  Wi/S  (wi/3/fil/2}1/2  (Pi/ho)0<6  (4) 

where  Ioe  =  0.0420  for  I  in  K’a’msec  ,  W  in 

kg  and  A  in  m2. 

Ioe  =  7.43  for  I  in  PSI*msec  ,  W  in  lbs 
and  A  in  ft2. 

For  side-on  bursts  the  impulse  is 

I  =  I  os  *1/3  (*1/3/A1/2)1/'2  (Pi/fV0-2  (5) 

where  I0s  3  0.0756  for  I  in  ff’a-msec,  W  in 

kg,  and  A  in  m2. 

In-  =  13.4  for  I  in  PSl*msec,  W  in  lbs, 
and  A  in  ft5 


The  ranges  of  validity  of  these  equations  are 
approximately  1  <  hAA^A  <  4  kg^/m  and 
0.3  MPa  <  Pi  <40  MPa  for  end-on  bursts  and 
0.6  MPa  <  Pi  <  11  for  side-on  bursts.  There 
were  insufficient  measurements  to  determine  the 
charge  weight  dependence  for  side-on  bursts. 
Equations  (3)  and  (5)  assume  the  same  yield  scaling 
as  for  the  end-on  bursts.  Further  experimental 
work  is  needed  to  verify  this  assumption. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Formulae  for  calculating  peak  blast  overpres¬ 
sure  and  impulse  in  tunnels  for  explosions  near  the 
entrance  have  been  presented.  These  results  are 
considerably  different  from  the  shock  tube  work 
which  modeled  blast  from  nuclear  detonations  and, 
hence,  should  be  used  Instead  of  the  nuclear  blast 
formulae  when  designing  protective  structures  for 
blast  from  non-nuclear  explosions.  Several 
weaknesses  cf  the  experimental  data  base  were  Iden¬ 
tified  in  the  course  of  this  analysis*  (a)  Tests 
with  different  charge  weights  are  needed,  par¬ 
ticularly  for  side-on  bursts,  (b)  Measurements 
with  different  diameters  and  other  cross-sectional 
shapes  (such  as  rectangles)  are  needed,  (c)  Tests 
with  near  prototype  size  structures  are  needed  to 
verify  scaling.  Additional  experimental  work  at 
WES  has  been  conducted  which  partially  addressed 
these  needs  but  the  results  are  not  yet  available. 
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ABSTRACT 

The  use  of  soil-matrix  overburden  and 
sidefill  as  protective  multi-layer  structures 
to  protect  critical  installations  calls  for  a 
regular  inspection  schedule.  Means  must  be 
developed  for  determining  quantitatively 
whether  such  actions  as  settlement,  freeze  and 
thsw,  microseisms,  etc.,  have  caused  the  struc¬ 
ture  to  alter  its  character  excessively. 

Several  possibilities  for  such  tests  are 
described  that  are  based  on  wave  propagation 
methods:  seismic  refraction,  Rayleigh  wave 

dispersion  analysis,  and  signature  evaluation. 
Current  research  by  the  authors  is  described, 
with  examples  of  several  experiments  similar 
in  character  to  conditions  possible  to  soil- 
matrix  protective  structures. 


INTRODUCTION 

Specially  designed  soil-matrix  structures 
are  used  as  overburden  or  sidefill  to  protect 
critical  installations  against  attack  by  explo¬ 
sives  -r  heavy  projectile  penetration.  They 
are  used  in  en  arrangement  described  in  mecha¬ 
nics  as  a  layered  medium.  At  least  some  of  the 
layers  will  be  of  local  materials,  soil,  aggre¬ 
gate,  rock,  in  various  combinations  and  sizes. 
One  or  more  layers  may  be  of  concrete,  rein¬ 
forced  or  not,  the  layers  of  thicknesses  and 
combinations  selected  by  the  designer  to  best 
defeat  attack  by  rapidly  absorbing  mechanical 
energy  and  by  diverting,  turning,  or  breaking 
up  a  projectile  so  that  its  energy  and  momentum 
may  be  brought  within  acceptable  limits. 

Once  in  place,  the  passive  armor  repre¬ 
sented  by  the  soil  structure  will  begin  to 
alter.  Settlement,  infiltration  and  diffusion, 
rain,  freeze  and  thaw,  expansion  and  contrac¬ 
tion,  local  seismic  activity  of  whatever  scale, 
these  will  combine  to  change  the  original  system 
to  a  blurred  copy,  almost  cercalnly  changed  in 
the  direction  of  decreased  effectiveness. 

Such  a  system  must  be  examined  from  time 
to  time  to  determine  whether  It  still  is  capi  <1  e 
of  performing  its  function  or  whether  it  should 


be  reinforced  or  rebuilt,  for  unlike  exposed 
structures  of  concrete  and  steel,  visual  examina¬ 
tion  of  the  surface  will  not  give  an  indication  of 
the  general  condition  of  this  layered  system. 

There  should  be  an  initial  inspection  soon  after 
construction,  with  a  quantitative  evaluation  to 
establish  a  basis  for  later  comparison,  and  defi¬ 
nite  provision  and  established  means  for  inspec¬ 
tion. 


CHARACTERIZATION 

In  determining  a  suitable  inspection  means  it 
is  useful  to  observe  that  adjacent  layers  of  these 
protective  structures  may  be  expected  to  have  quite 
different  properties  in  order  to  maximize  changes 
in  impedance.  The  designer  will  characterize  the 
properties  of  a  layer  in  such  terms  as  a  density 
parameter,  apparent  or  equivalent  shear  and  bulk 
moduli,  particle  size,  perhaps  a  strength  charac¬ 
teristic  associated  with  individual  particles, 
etc.  The  response  to  attack  will  involve  exten¬ 
sive  motion,  permanent  deformation,  and  fracture 
and  distortion  at  many  levels  of  size.  In  spite 
of  the  many  levels  of  response  intended,  it  is 
probable  that  the  Instantaneous  conditions  of  the 
various  layers  can  be  defined  adequately,  for 
time-dependent  comparisons,  in  terms  of  the  gross 
mechanical  behavior  of  each  layer. 


WAVE  PROPAGATION  METHODS 
FOR  EVALUATION  OF  LAYERED  SOLIDS 

If  the  early,  low-stress  portions  of  the 
constitutive  relationships  for  a  material  define 
it  adequately,  if  the  properties  of  concern  are 
sufficiently  related  to  the  values  of  elastic 
moduli,  then  wave  propagation  methods  should  be 
considered.  Non-destructive  methods  of  evaluation 
are  coming  to  be  based  more  and  more  on  wave  pro¬ 
ps'  tion  rather  than  upon  simulations  of  service 
'  itions,  for  the  particular  reason  that  the 

Its  of  wave  propagation  rests  are  specifically 
i.  . ated  to  fundamental  mechanical  parameters  such 
as  the  elastic  moduli,  the  densicy,  and  particle 
size.  Furthermore,  impulsive  sources  of  very  low 
mignltude  are  sufficient  and  tests  can  be  made 
easily  in  a  horizontal  plane,  on  vertical  faces, 
even  overhead. 
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The  waves  generally  used  as  diagnostic  invad¬ 
ers  are  the  longitudinal  wave,  the  shear  wave,  the 
Rayleigh  wave,  and  the  Lamb  waves.  The  phenomena 
invoked  with  them  are  reflection,  refraction,  dis¬ 
persion,  and  scattering.  The  quantities  computed 
from  test  results  differ  with  the  geometries  of 
individual  structures,  but  generally  consist  first 
of  finding  the  velocities  of  one  or  more  types  of 
waves  or  of  individual  frequencies,  or  of  determin¬ 
ing  the  stripping  of  portions  of  the  frequency 
ope.ctrum  of  the  original  signal.  The  determination 
of  mechanical  parameters  comes  as  a  second  series 
of  computations  and  requires  that  there  be  a  suf¬ 
ficient  number  of  quantities  determined  from  tests 
to  provide  the  number  of  equations  needed. 

The  Possibilities,  The  Difficulties. 

Reflection  Studies.  From  advertisements  and 
commercials  by  oil  companies  and  publicity  about 
the  CAT-scans  of  medical  programs,  even  the  lay 
public  have  some  appreciation  for  reflection  stu¬ 
dies.  An  impulsive  source  at  the  surface,  Fig.  1, 
sends  waves  to  the  layers  below.  Reflection  takes 
place  at  each  interface  between  layers  of  differ¬ 
ent  densities  and  wave  velocities  and  a  picture  can 
be  formed  of  the  layering.  While  the  method  (1) 
does  describe  the  layering  and  does  give  an  idea  of 
layer  thicknesses  and  changes  in  thickness,  the 
reflection  method  does  not,  of  itself,  provide  much 
quantitative  information.  Actual  layer  thicknesses 
and  wave  velocities  must  come  from  other  sources. 

Seismic  Refraction  Studies.  Where  a  system  is 
such  that  each  successively  deeper  layer  has  a 
higher  wave  velocity  than  those  above  (normal  geo¬ 
logical  structure) ,  the  method  of  choice  is  seismic 
refraction  (1,2),  whether  layers  are  thousands  of 
feet  deep,  or  only  a  few  feet  in  depth.  Only  the 
instruments  and  frequencies  change. 

A  point  source,  Fig.  2,  generates  longitudi¬ 
nal  waves  (and  others)  which  expand  outward  beneath 
the  surface  like  half  a  bubble.  Some  of  the  rays 
of  the  wavefront  are  certain  to  encounter  each 
successively  deeper  layer  at  the  critical  angle. 
Refraction  from  the  slower  into  the  faster  layer 
will  cause  the  wave  to  travel  along  the  layer 
boundary,  but  in  the  faster  (and  deeper)  layer 
and  at  the  wavespeed  of  the  faster  layer.  As  the 
critically  refracted  wave  travels  on  in  that  layer, 
it  will  continually  refract  energy  back  toward  the 
surface  through  the  layers  above  in  the  conti¬ 
nuously  generated  wave  known  as  "kopfwelle". 

The  essence  of  quantitative  use  of  the  seis¬ 
mic  refraction  method  is  that  of  first  return.  If 
there  is  a  string  of  transducers  at  the  surf act, 
each  will  detect  and  record  all  ground  motion 
within  its  sensitivity.  For  transducers  quite 
near  the  source,  the  first  signal  received  will  be 
that  coming  straight  through  the  surface  layer 
from  the  source.  Farther  away,  a  transducer  will 
receive  and  display  as  first  signal  the  return 
from  the  second  layer.  Farther  away  yet,  some 
even  more  distant  transducer  will  receive  and 
display  a  first  return  from  the  third  layer,  and 
so  on.  The  characteristic  way  of  presenting  the 


information  is  shown  in  Fig.  3,  a  plot  of  first 
arrival  time  vs.  position.  From  such  a  plot,  from 
such  Information  alone,  the  thickness  of  each  layer 
and  the  longitudinal  wave  speed  in  each  layer  may 
be  computed. 

In  a  similar  way,  a  surface  source  of  dominant 
shear  waves  might  generate  first  arrival  versus 
position  data  for  shear  waves  and  provide  the  shear 
wave  speed  in  each  layer.  The  equations  relating 
the  experimentally  obtained  wave  velocities  to  the 
elastic  moduli  E,  and  G  of  a  layer  are: 

c^  -  r [(l-v)(l+v)'1(l-2v)'1Ep~1]  [1] 

c8  -  r\ [g*p-1] 

where  c  ,  cg  are  longitudinal  and  shear  wave- 
speeds  0 

p  is  the  density 

v  is  Poisson’s  ratio. 

Refraction  studies  have  two  restrictions: 
first,  layering  must  be  of  "normal"  geologic  sort, 
wave  speeds  must  ircrease  as  depth  Increases; 
second,  it  must  be  possible  to  assign  approximate 
values  for  the  density  and  for  Poisson's  ratio  to 
solve  equations  [1]  and  [2]  for  the  moduli. 

Rayleigh  Wave  Dispersion.  Layered  structures 
used  as  armor  cannot  be  expected  to  be  of  normal 
geological  type.  The  faster  layers  may  be  on  top, 
there  may  be  multiple  inversion,  or  there  may  be 
interleaving  of  layers  of  different  properties. 

Less  well  known  than  seismic  refraction  is  a 
method  based  on  the  dispersion  of  Rayleigh  waves. 
These  are  surface  waves,  extending  into  the  medium 
to  a  depth  that  is  dependent  upon  the  wavelength. 

If  the  medium  is  not  layered,  and  if  the  properties 
do  not  change,  Rayleigh  waves  are  not  dispersive 
and  all  frequencies  travel  with  the  same  speed, 
somewhat  less  than  the  speed  of  the  shear  wave. 

If  the  medium  is  layered  and  the  wavelengths  are 
long  enough  to  extend  into  other  layers,  then  the 
propagation  is  dispersive  and  wave  speeds  are  not 
the  same  for  all  frequencies.  This  phenomenon, 
presents  an  opportunity  to  develop  means  with 
which  to  determine  the  velocities  of  buried  layers 
when  there  is  inversion  or  interleaving,  and  when 
added  to  the  capabilities  present  in  the  reflec¬ 
tion  and  refraction  methods,  it  gives  to  wave 
propagation  studies  a  useful  range  of  types  of 
tests  that  may  be  combined  as  needed. 

A  dispersion  test  involving  Rayleigh  surface 
waves  requires  an  impulsive  source  of  waves  and 
one  or  more  accelerometer  pairs  placed  along  the 
surface  away  from  the  source,  each  pair  serving 
to  define  a  gagelength.  A  test  begins  with  a 
pulse.  As  the  signal  passes  each  one  of  an  acce¬ 
lerometer  pair,  its  shape  is  recorded  as  a  func¬ 
tion  of  time.  Each  of  the  two  signal  shapes,  if 
not  in  the  near-field,  is  subjected  to  analysis  by 
a  discrete  finite  Fourier  transform,  Eqn.  [3] ,  to 
obtain  the  frequency  domain  results  of  magnitude  vs. 
frequency,  Eqn.  [A]  and,  the  essential  information. 
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phase  angle  vs.  frequency,  Eqn.  [5].  The  two  sets 
of  results  from  the  accelerometer  pair  then  are 
evaluated  to  find  the  phase  change  (phase  differ¬ 
ence)  A$x  between  them  at  each  frequency  of  the 
transform 

F  (X)  -nEf(n)cos(2jX--  2n);F.  (X)  -  -Ef  (n)oin(^2n)  [3] 

re  n-o  N  lm  n_o  N 

|F(X)|  -  r [Fre(X)]"2+[Flm(X)]2  I*.] 

0x  -  tan_1tFim(X)/Fre(X)]  [5] 

For  each  frequency,  since  Its  period  T  Is 
known  automatically,  and  the  distance  of  travel  GL 
(gagelength) ,  and  the  phase  change  A0,  the  velocity 
possibilities  for  each  frequency  (or  wavelength) 
may  be  computed  by  the  deceptively  simple  equation 
[6]  below. 

vx  -  [2nCL]/[AexT]  [0] 

Next,  the  dispersion  curve  can  be  plotted. 

Fig.  4,  relating  velocity  to  wavelength.  The  forms 
of  dispersion  curves  differ  considerably,  for  they 
depend  upon  the  relative  thicknesses  of  the  layers, 
the  number  of  layers  present,  their  relative  and 
absolute  properties,  the  condition  of  each,  and  to 
what  extent  they  are  "welded"  together. 

Dispersion  analysis  of  Rayleigh  surface  waves 
was  the  subject  of  considerable  attention  in 
England  and  in  this  country  in  the  1960's  because 
of  its  potential  application  to  the  same  problems 
with  pavements  that  now  appear  with  respect  to  the 
soil-matrix  structures  used  as  armor:  how  to 
determine  instantaneous  condition;  beyond  that, 
how  to  predict  remaining  life.  The  theory  for 
this  application  of  dispersion  analysis  was  estab¬ 
lished  (3,4)  at  that  time. 

Airfield  Pavements.  Engineering  work  in  the 
USAF,  associated  with  airfield  pavements,  was 
turned  toward  dispersion  analysis  and  tests  in  the 
late  1960's.  In  the  late  70's,  to  boot  dispersion 
analysis  into  practice,  the  USAF  embarked  on  a  plan 
of  simultaneous  hardware  development  and  develop¬ 
ment  of  analysis  and  interpretation,  a  plan  that  is 
reaching  maturity  now  with  results  that  may  be 
useful  to  inspection  of  soil-matrix  armor. 

The  problems  have  been  how  to  move  from  the 
broad  statements  of  theory  to  the  realities  of 
field  practice.  In  this  work,  ihe  problems  come 
about  largely  from  the  differences  between  the 
layered  half-space  of  the  applied  mathematician  or 
mechanlker  and  the  layered  system  of  the  airfield, 
where  the  surface  layer  often  is  made  up  of  slabs 
that  are  less  than  25  ft.  on  a  side. 

The  statements  of  theory,  for  the  testing  of 
soil-matrix  armor  as  well,  are  t.iese,  that  disper¬ 
sion  analysis  may  be  able  to  provide  the  following: 

1.  the  shear  or  Rayleigh  wave  speeds  for  each 
of  several  burled  layers; 


2.  that  from  a  single  test,  both  the  speed  of 
the  longitudinal  wave  and  the  speed  of  the 
shear  wave  can  be  found  for  a  buried  layer; 

3.  that  the  test  can  distinguish  between 
"welded"  layers  and  layers  that  over  time 
have  become  degraded; 

4.  that  although  there  is  not  sufficient 
information  to  compute  the  moduli  without 
at  least  a  guessed  value  of  the  density, 
the  values  of  the  wave  speeds  themselves 
for  each  layer  will  serve  as  accurate 
descriptors  to  tell  whether  or  not  the 
mechanical  properties  of  the  burled  layers 
have  changed. 

We  are  involved  in  this  work,  concerned  with  the 
problem  of  how  to  instrument  and  conduct  dispersion 
tests  in  such  a  way  that  the  promise  of  theory  can 
be  realized.  We  also  are  investigating  the  subse¬ 
quent  problems  of  analysis  and  Interpretation.  Our 
Bubject  has  been  the  airfield  runway,  the  inverted 
system  in  which  the  surface  layer  is  often  concrete 
over  a  crushed  stone  base,  then  over  soil.  The 
slabbed  surface  creates  a  series  of  problems: 

1.  The  lateral  boundaries  are  so  close  that 
reflections  return  quickly  to  the  accele¬ 
rometers  during  a  record  and  alter  the 
phase  information. 

2.  The  slabs  are  small  yet  of  comparable 
magnitude  to  the  wavelengths  of  interest, 
so  that  many  of  the  accelerometer  pairs 
must  be  on  the  same  slab  with  the  source. 
Immediately  one  is  dealing  with  a  mixed 
near-field,  far-field  problem. 

Our  work  has  been  built  about  model  studies  of 
laboratory  scale.  The  models  are  made  up  of  layers 
of  polymeric  materials  to  provide  a  variety  of  wave 
speeds.  The  models  serve  as  useful  testbeds  for 
the  development  of  instrumentation  and  methods,  and 
for  reproducing  problems  of  analysis  met  in  the 
field.  They  may  be  used  to  quickly  create  struc¬ 
tures  of  whatever  configurations  are  desired.  Of 
primary  Importance,  we  are  able  to  compare  easily 
the  results  of  mathematical  analysis  with  the 
actual  structure  of  the  particular  model  being 
studied  in  the  laboratory,  as  ve  seek  to  improve 
the  analysis  and  to  extend  interpretation  beyond 
its  present  state. 

Approach  to  the  problem  of  reflections 
requires  understanding  of  the  conduct  of  an  expe¬ 
riment  together  with  appreciation  of  the  analysis 
that  follows.  We  have  devised  several  ways  to 
overcome  the  reflection  problem.  The  best  to  date 
is  one  that  combines  a  time-frame  window  with 
choice  of  the  spectral  content  of  the  input  signal. 
It  is  in  only  minor  contradiction  with  a  beautiful 
feature  Implicit  in  dispersion  analysis,  that  it  is 
not  necessary  to  reproduce  test  conditions  closely 
to  be  able  to  reproduce  the  results.  It  is  not 
necessary  to  reproduce  the  shape  of  the  input  sig¬ 
nal  exactly,  merely  necessary  that  repeated  inputs 
contain  all  the  same  frequencies  as  the  original 
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signal.  It  is  not  even  the  phase  angle  that  counts, 
only  the  phase  differences. 

Instead  of  a  single  input  pulse,  we  now  use 
two  or  three  different  ones.  Each  contains  a 
different  group  of  principal  frequencies  so  that 
there  may  be  high,  medium,  and  low  frequency  pulses. 
Dispersion  in  this  layered  system  has  high  fre¬ 
quencies  generally  traveling  most  rapidly.  By 
selecting  the  interval  within  the  accelerometer 
record  (the  time-frame  windowing)  according  to  the 
nature  of  the  pulse,  we  are  able  to  minimize  the 
way  in  which  reflections  of  one  group  of  frequen¬ 
cies  masquerade  as  part  of  a  different  group. 

The  near-field  problem  is  a  different  matter 
altogether  and  leads  first  to  consideration  of 
altered  analysis  rather  than  altered  experiment. 

The  form  of  the  solution  to  the  problem  (5)  is  as 
shown  below: 

♦n  ■  ^°°QnJo(lcr)exp[-v(z-ii) Jdk  [7] 

so  that  now  we  are  working  to  apply  the  Hankel 
transform  based  on  the  Bessel  functions  for  near- 
field  analysis  rather  than  Fourier  analysis  of 
sines  and  cosines.  We  look  ahead  to  the  proba¬ 
bility  that  we  will  end  up  using  a  hybrid  of  the 
two  transforms. 

Experiments  related  to  Inspection  of  soil- 
matrix  structures.  In  the  course  of  the  work 
above,  experiments  have  been  conducted  that  may 
prove  of  use  for  the  evaluation  of  soil-matrix 
armor. 

Fig.  5  shows  a  dispersion  curve  In  which  both 
the  longitudinal  wave  speed  and  the  shear  wave 
speed  are  displayed  at  the  same  time  for  a  buried 
layer.  This  is  the  first  time  we  have  been  able 
to  produce  this  phenomenon  and  we  look  forward  to 
learning  how  to  do  it  regularly. 

Fig.  6  shows  the  results  of  several  experi¬ 
ments  using  Rayleigh  wave  dispersion  to  examine 
inverted  systems  for  several  conditions  of  layer¬ 
ing.  In  our  work  they  represent  several  compar¬ 
able  structures  that  may  exist  after  a  pavement 
has  been  resurfaced.  From  the  standpoint  of  soil- 
matrix  structures,  three  layerings  are  shown  that 
could  represent  stages  of  decay  of  an  original 
system.  The  question  is,  can  we  distinguish  the 
structures,  one  from  another,  and  in  a  meaningful 
way. 

In  all  structures  (cross-sections  in  Fig.  6) 
the  same  two  types  of  materials  uere  used:  first, 
one-inch  layers  of  styrene-butadiene-rubber  (SBR) 
used  as  separate  layers  in  Fig.  6b  and  6c,  bonded 
together  in  Fig.  6a;  second,  three  inches  of  foam 
rubber  (FR)  made  up  of  one-inch  and  two-inch 
layers.  The  SBR  has  wave  speeds  several  times 
higher  than  FR,  so  SBR  represents  a  "stiff”  mate¬ 
rial,  concrete,  whereas  FR  would  represent  a  soil. 
This  simple  physical  modeling  has  proven  effective; 
results  compare  well  with  those  from  full-scale 
structures. 


In  all  experiments  the  same  entering  pulse 
shape  was  employed.  Despite  the  tenet  that  pulse 
shape  has  no  effect  in  dispersion  analysis,  we  have 
seen  that  changing  the  shape  markedly  can  bring 
entire  new  behavior  modes  into  the  dispersion  field,  ‘ 
therefore  are  careful  to  change  the  shape  cautiously 
in  model  experiments. 

Fig  6a  shows  the  result  of  two  SBR  layers  '■ 

cemented  together  to  form  a  single  thick  surface 
layer.  The  behavior  is  discontinuous:  the  SBR 
layer  acts  independently,  and  both  Lamb  waves 
appear.  Higher  wave  speeds  than  customary  are 
coaxed  out  of  the  FR  base,  probably  an  interface  '■ 

wave  created  by  the  lower  surface  of  the  SBR  plate. 

The  second.  Fig.  6b,  differs  in  that  the  two  !. 

SBR  layers  are  not  bonded  together.  Their  beha-  ^ 

vior  is  more  independent  of  one  another.  Some  • 

minor  slippage  is  possible  at  all  the  interfaces 
and  the  overall  behavior  is  more  continuous  and 
representative  more  of  a  somewhat  stiffer  single 
plate  over  a  less  stiff  one  than  the  extreme  con¬ 
dition  above.  There  is  only  a  hint  of  the  truly  <• 

independent  behavior  that  is  seen  next.  f 

i 

In  Fig.  6c  the  two  SBR  layers  are  separated  , 

from  each  other  by  a  one-inch  layer  of  FR  and  are  * 

much  more  free  of  one  another.  The  two  humps  that  ‘ 

are  clearly  visible,  that  were  just  discernible  in  , 

6b,  show  the  two  SBR  layers  each  behaving  inde-  i. 

pendently  within  an  overall  continuous  behavior 
for  the  entire  structure.  ’■ 

The  sensitivity  of  dispersion  analysis  is  v 

such  that  it  can  Indeed  respond  to  changes  of  »• 

structure  at  the  level  of  structural  degradation.  L 

Slgnature.  When  overburden  or  sideflll  is  used  as 
armor,  it  may  be  possible  to  mount  instruments  , 

temporarily  within  the  protected  structure.  In 
this  case  the  concept  of  signature,  of  change  in 
wave  shape  per  se  may  be  may  be  used  to  detect 
changes  in  the  properties  of  the  overburden. 

Fig.  7  shows  experiments  on  a  different  set  of 
models  using  combinations  of  the  same  materials 
described  earlier.  A  uniformly  reproducible  pulse, 
necessary  for  signature  studies,  was  created  at  the 
top  of  the  overburden,  with  an  accelerometer  placed 
on  the  underneath  side  to  record  the  shape  of  the 
in-coming  longitudinal  wave.  Fig.  7  shows  the 
layering  arrangements  together  with  the  shapes  of 
the  respective  pulses  as  received  (tracings  from 
oscilloscope  photos). 

The  signatures  obviously  are  quite  different.  • 
Regardless  of  which  type  of  layering  arrangement  r 

might  be  more  desirable,  it  is  clear  that  changing 
the  arrangement  changes  the  nature  of  the  trans¬ 
mitted  pulse  markedly. 

Even  at  this  level  of  modeling  with  continuum 
layers,  the  consequences  of  design  choices  can  be 
seen.  The  structure  of  Fig.  7c  results  in  a  pulse 
that  is  briefer  in  duration  than  the  others,  of  < 

higher  magnitude,  with  more  high  frequencies  in  it. 

The  other  extreme  (of  these  three  choices)  is 
Fig.  7a,  which  results  in  the  pulse  of  lowest 
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amplitude,  greater  duration,  loading  most  slowly. 
Since  all  the  Initial  pulses  had  the  same  shape, 
the  designer  Is  able  to  Judge  the  response  against 
the  material  properties  at  his  disposal. 


Conclusions.  Although  It  is  unlikely  that  any 
single  wave  propagation  method  can  provide  all  the 
information  desired  to  evaluate  the  mechanical 
state  of  a  protective  layered  medium,  it  is 
entirely  possible  that  a  single  method  will  be 
able  to  provide  clear  evidence  that  there  has,  or 
has  not  been  a  change  in  condition.  Where  addi¬ 
tional  or  more  complete  information  is  desired, 
several  wave  propagation  methods  can  be  tailored 
to  the  particular  type  of  layering  involved  and 
the  information  needed. 


Fig.  2  Seismic  Refraction 
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ABSTRACT 

Design  concepts  for  blast  doors  and  blast 
valves  capable  of  surviving  the  alrblast  and 
fragmentation  effects  of  general  purpose  bombs 
are  developed.  Maximum  blast  pressures  ranging 
from  S00  psl  to  8U00  psi,  along  with  the  asso¬ 
ciated  fragmentation  effects,  were  used  In  the 
design  calculations.  Three  general  concepts  for 
blast  doors  were  Investigated:  (1)  a  heavily 
reinforced  concrete  door  protected  from  fragmen¬ 
tation  by  a  blast  wall;  (2)  a  steel  plate  stiff¬ 
ened  with  angles  also  protected  by  a  blast  wall; 
and  (3)  a  massive  steel  and  concrete  door  with 
steel  plates  on  each  face  and  with  concrete  con¬ 
fined  by  additional  transverse  plates.  Each  of 
the  blast  valve  concepts  examined  must  be  pro¬ 
tected  from  fragmentation  and  extreme  pressures 
by  a  blast  screen  or  wall. 

BACKGROUND 

Although  extensive  research  programs  have 
been  conducted  to  determine  the  survivability  of 
blast  doors  and  blast  valves  when  subjected  to  a 
nuclear  detonation,  the  response  of  these  struc¬ 
tural  components  to  conventional  weapons  effects 
is  largely  unknown. 

Blast  door  design  parameters  include  the 
location  and  orientation  of  the  door  relative  to 
the  weapon,  the  sire  of  the  door  opening,  fre¬ 
quency  of  use,  and  allowable  damage  criteria. 
Blast  valve  design  parameters  Include  the  loca¬ 
tion  and  orientation  of  the  valve  relative  to  the 
weapon,  the  airflow  capacity  of  the  structure's 
ventilation  system,  the  sensitivity  of  the  venti¬ 
lation  system  to  alrblast,  and  the  amount  of 
floor  space  available  for  additional  alrblast 
attenuating  devices,  e.g.,  an  expansion  chamber. 

The  design  threet  for  this  project  is  a  gen¬ 
era]  purpose  bomb  detonated  at  uear-miss  dis¬ 
tance.  The  blast  doors  and  blast  valves  must 
protect  the  occupants  of  the  structure  irom  the 
extreme  pressures  and  fragmentation  associated 
with  this  detonation.  In  addition,  the  doors 
should  remain  operable  after  the  explosion,  and 
both  the  doors  and  the  valves  should  be  capable 
of  surviving  multiple  hits.  The  objectives  for 
the  blast  doors  may  be  met  in  one  of  two  ways. 

The  door  may  either  be  strong  enough  to  withstand 
direct  exposure  to  the  detonation,  or  it  may  be 


shielded  from  the  explosive  source  by  a  blast 
wall,  which  will  attenuate  the  pressure  to  a 
lower  magnitude  and  defeat  the  fragmentation 
effects.  The  physical  characteristics  of  active 
blast  valves  require  that  they  be  shielded  from 
fragmentation.  The  valve  mechanism  must  be  light 
enough  to  close  very  quickly,  yet  strong  enough 
to  survive  the  extreme  pressures. 

BLAST  DOOR  REQUIREMENTS 

Each  of  the  blast  doors  evaluated  for  this 
project  provides  a  clear  opening  55  inches  wide 
by  83  incheB  high.  The  doors  are  required  to 
remain  gas  tight  during  the  explosion  and  to  be 
operable  after  the  detonation.  The  doors  must 
also  be  able  to  prevent  fragment  perforation. 

The  "average"  pressure  and  Impulse  distri¬ 
butions  from  the  Series  II  NATO  Semlhardened  Wall 
Testa  (Reference  1)  were  used  to  approximate  the 
alrblast  loading  of  the  unprotected  door.  Refer¬ 
ence  2  was  used  to  determine  the  impulse  distri¬ 
bution  across  the  door  due  to  fragmentation.  The 
"ANSWER"  computer  code  was  used  to  predict  the 
loading  history  for  the  protected  doors.  This 
code  was  developed  at  WES  and  is  based  on  modifi¬ 
cations  of  the  work  found  in  References  3,  4, 
and  5.  Fragmentation  effects  for  the  protected 
doors  were  neglected,  and  predicted  Impulses  and 
durations  at  various  points  on  the  doors  ware 
averaged  to  obtain  an  equivalent  uniform  pressure 
across  the  door. 

Each  of  the  doors  were  represented  by  an 
equivalent  slngle-degree-nf-freedom  (SDOF)  system 
for  analysis  purposes.  The  deformed  shape  of  the 
doors  was  considered  Identical  to  the  deformed 
shape  of  a  uniformly  loaded  simply  supported 
slab.  For  the  unprotected  door,  the  load  distri¬ 
bution  was  considered  uniform  across  the  width  of 
the  door,  with  a  step  decrease  in  load  of  33  per¬ 
cent  at  60  percent  of  the  door  height  (see  Fig¬ 
ure  1).  This  step  load  Is  an  approximation  of 
tha  high  refieettd  pressures  near  the  bottom  of 
the  door  plus  the  loading  due  to  fragmentation, 
which  acts  primarily  or  the  lower  half  of  the 
door.  The  protected  doors  were  considered  uni¬ 
formly  loaded  across  the  entire  face.  Procedures 
for  the  SDOF  analysis  performed  are  given  in 
Reference  6. 
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Figure  1.  Idealized 
load  function 

FINAL  DOOR  DESIGNS 


As  an  alternative  to  the  20-cm  (7.87-inch) 
door,  a  lighter  section  with  a  higher  steel  per¬ 
centage  was  selected.  This  door  is  a  total  of 
4.625  inches  thick  with  a  0.25-inch  plate  at¬ 
tached  with  shear  connectors  to  each  face.  This 
door  weighs  about  3000  pounds  and  has  a  predicted 
maximum  response  of  0.3  inch  (Figure  2c). 

The  simplest  of  the  protected  doors  selected 
for  testing  consists  of  a  0.75-inch,  50-ksi  steel 
plate  with  3-inch  steel  angles  welded  to  the  in¬ 
side  face  at  12-inch  spacings.  The  angles  add 
little  additional  flexural  capacity,  but  alter 
the  stiffness  of  the  door  by  an  order  of  magni¬ 
tude.  If  protected  by  a  blast  wall,  the  pre¬ 
dicted  maximum  deflection  of  this  door  is  about 
1.4  inches.  The  total  door  weight  is  about 
1500  pounds  (Figure  2d). 


A.  Unprotected  door. 

A  massive  steel  and  concrete  door  with  steel 
plates  on  each  face  was  selected  for  testing 
against  direct  exposure  to  the  design  threat. 

See  Figure  2a.  This  door  is  7  inches  thick  and 
has  a  1-inch-thick,  50-ksi  steel  plate  on  either 
face.  The  outside  plate  serves  primarily  as  pro¬ 
tection  against  fragmentation,  although  it  also 
provides  additional  flexural  capacity.  It  is 
attached  to  the  door  with  welded  shear  connec¬ 
tors  ,  which  provide  shear  reinforcement  and  in¬ 
sure  that  the  plate  and  the  body  of  the  door  act 
compositely  during  bending.  Additional  trans¬ 
verse  plates  are  welded  to  the  Inside  plate  at 
12-inch  spacings.  These  transverse  plates  con¬ 
fine  the  concrete  and  allow  larger  plastic  defor¬ 
mations  than  would  otherwise  be  possible.  The 
total  weight  of  this  door  is  about  6300  pounds, 
and  the  predicted  maximum  deflection  when  exposed 
to  the  design  threat  is  about  1.2  Inches.  The 
outside  plate  is  expected  to  be  severely  damaged 
by  fragmentation  but  should  be  relatively  easy  to 
repair  by  patching  any  holes  or  deep  pits  with 
additional  plates  welded  to  the  door's  exterior. 
Preliminary  analysis  indicates  that  some  of  the 
shear  connectors  will  break  due  to  the  horizontal 
shear  at  the  plate/concrete  interface.  The 
effect  this  will  have  on  the  response  due  to  a 
second  detonation  will  be  investigated 
experimentally. 

B.  Protected  Doors. 

Several  European  firms  now  manufacture  a 
gas-tight  20-cm  reinforced  concrete  blast  door. 
This  door  is  lightly  reinforced  and  was  conceived 
for  a  nuclear  threat  with  a  reflected  pressure  of 
132  psi.  The  addition  of  a  10-mm  mild  steel 
plate  has  been  proposed  as  an  added  protective 
measure.  The  section  selected  for  testing  will 
consist  of  a  20-cm  (7.87-Inch)  reinforced  con¬ 
crete  section  sandwiched  between  the  two  10  mm 
(0.4-inch)  plates,  which  are  anchored  to  the  con¬ 
crete  with  shear  connectors  spaced  uniformly 
across  each  plate  (Figure  2b) .  The  weight  of 
this  door  is  about  5500  pounds,  and  the  predicted 
maximum  deflection  when  protected  by  a  blast  wall 
is  about  0.5  inch. 


JL  i  <  i  i  i  i  «  i 


.  1 "  PLATE 


a  UNPROTECTED  DOOR 


1 1 1 1 1 1  jl  i  i 


b.  5500  LB.  PROTECTED  DOOR 


C-  3000  LB  PROTECTED  DOOR 


1 12 


•  3/4"  PLATE 


d.  1500  LB.  PROTECTED  DOOR 
Figure  2.  Blast  door  cross-sections 

DOOR  HARDWARE 


When  a  blast  door,  or  any  structure  loaded 
dynamically,  reaches  its  maximum  deflection,  it 
has  energy  stored  in  it  and  tends  to  deflect  in 
the  opposite  direction.  For  pressure  durations 
that  are  long  relative  to  the  natural  period  of 
the  door  or  when  large  plastic  deformation  oc¬ 
curs,  this  rebound  is  generally  negligible.  How¬ 
ever,  for  elastic  response  and  short-duration 
loads,  the  ratio  of  required  rebound  resistance 
to  yield  resistance  approaches  1.0  (Fig.  9-14, 
Ref.  7). 

There  are  two  consequences  of  severe  rebound 
loads:  (1)  the  negative  reinforcement  of  a  sim¬ 

ply  supported  door  must  nearly  equal  the  positive 
reinforcement,  (2)  more  important  for  a  hinged 
door,  either  the  hinges  or  the  latch  mechanism 
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must  be  capable  of  resisting  the  rebound  forces. 
For  the  severe  loads  expected,  no  reasonable 
hinges  are  capable  of  resisting  the  rebound  load. 
Therefore,  the  latch  mechanism  Is  designed  to 
resist  all  of  the  rebound  force  so  that  the 
hinges  are  only  required  to  perform  their  primary 
function. 

As  shown  in  Figure  3,  the  latch  mechanism 
consists  of  three  movable  steel  plates,  each 
1.0  inch  thick  for  the  heavier  doora  and 
0.75  inch  thick  for  the  lighter  doora,  which  in¬ 
teract  with  a  steel  catch  welded  to  the  exterior 
of  the  door  frame.  One  latch  plate  is  mounted  on 
the  hinged  side  of  the  door  between  the  hinges 
and  the  other  two  plates  on  the  opposite  side. 

The  plates  are  caused  to  move  by  a  rotating  cam 
which  la  welded  to  the  shaft  of  the  latch  handle. 
The  cam  is  designed  so  that  the  plates  move  in 
the  horizontal  direction  only  -  they  are  not  re¬ 
quired  to  move  vertically.  The  weight  of  each 
plate  is  supported  by  a  steel  angle  welded  to  the 
door's  exterior. 


Latch  mechanism 


BLAST  VALVES 


the  shock  front  arrived  at  the  opening  the  valve 
was  completely  closed. 


One  of  the  valves  utilizing  this  concept 
which  has  been  selected  for  further  testing  is 
shown  in  Fig.  4.  This  valve  consists  of  three 
concentric  pipes,  with  a  piston  that  closes  off 
the  innermost  pipe  when  activated  by  the  pressure 
of  an  airblast  wave.  During  normal  operations, 
air  flows  through  the  outer  pipe,  into  the  middle 
pipe,  and  finally  Into  the  inner  pipe  before 
reaching  the  ventilation  equipment.  However, 
when  a  shock  front  enters  the  valve  Inlet  and 
strikes  the  piston,  by  the  time  the  shock  front 
has  trevelad  through  the  first  two  pipes  the 
valve  piston  is  closed.  Given  the  predicted  peak 
pressure,  duration,  and  shock  front  velocity, 
this  valve  can  be  proportioned  to  allow  no  dam¬ 
aging  impulse  to  pass  through  to  the  ventilation 
equipment. 


NORMAL 
AIR  FLOW 


SHOCK  FRONT  INLET 


Several  international  firms  currently  manu¬ 
facture  blast  valveo  to  protect  mechanical  sys¬ 
tems  l'rom  blast  damage;  however,  most  of  these 
valves  are  designed  for  the  long-duration,  rela¬ 
tively  low-pressure  environment  associated  with 
nuclear  explosions.  It  is  uncertain  if  these 
blast  valves  will  operate  satisfactorily  in  the 
short-duration,  high-pressure  environment  of  con¬ 
ventional  explosions.  The  blast  valve  mechanism 
must  operate  quickly  enough  to  prevent  a  large- 
magnitude  impulse  from  passing  through. 

A  large  variety  of  blast-  and  blast  sensor- 
actuated  valves  were  designed,  built,  and  tested 
in  the  ]950's  and  early  1960's  under  the  spon¬ 
sorship  of  various  U.S.,  Canadian,  and  European 
government  agencies.  Many  of  these  valve  designs 
were  evaluated  by  Los  Alamos  National  Laboratory 
in  1982  (Ref  8).  Unfortunately,  many  of  them 
were  never  put  into  production  or  have  since 
ceased  production.  Several  of  the  valve  design¬ 
ers  recognized  the  inherent  difficulty  in  manu¬ 
facturing  a  valve  mechanism  both  light  enough  to 
move  rapidly  and  strong  enough  to  survive  high 
pressures.  Many  of  the  valve  designers  solved, 
or  attempted  to  solve,  this  problem  by  forcing 
the  shock  front  to  bypass  the  valve  opening  as 
the  valve  mechanism  closed,  so  that  by  the  time 


Figure  4.  Pipe  valve 
CLOSURE 

Current  plans  are  to  test  each  of  the  blast 
door  concepts  and  the  pipe  valve,  along  with 
several  commercially  available  valves,  in  a  full- 
scale  test  at  Tyndall  AFB  in  October-November 
1985. 
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ABSTRACT 

Centrifugal  modelling  Is  a  method  of 
accounting  for  gravity  effects  on  laboratory  scale 
models  and  evaluating  numerical  predictions  of 
these  model  responses.  The  objectives  of  this 
research  were  (a)  to  develop  centrifugal  model 
scaling  relationships,  (b)  a  micro-concrete  with 
miniaturized  reinforcement,  and  (c)  to  incorporate 
a  nonlinear  soil  model  Into  NONSAPC. 

Dimensional  analyses  Identified  a  set  of 
scaling  laws  and  Indicate  that  similitude  can  be 
achieved  if  both  prototype  and  model  materials  are 
comparable  and  blast  yields  are  scaled.  A  micro- 
concrete  with  miniaturized  reinforcement  was 
developed  using  gypsum  mortar  and  downsized  sand 
gradation,  and  serrated  steel  wire.  Testing  of 
revealed  this  composite  material  compares  favor¬ 
ably  with  prototype  predicted  by  NONSAPC. 
Comparisons  between  linear  and  nonlinear 
representations  of  both  concrete  and  soil 
materials  revealed  much  higher  stresses  and  peak 
displacements  occurred  for  nonlinear  modelling. 


INTRODUCTION 

Background  -  Economic  design  and  survival  of 
burled  structures  subjected  to  blast  loadings 
requires  a  thorough  knowledge  of  the  stress 
loadings  created  by  the  weapon  and  generated 
response.  In  the  case  of  DOD  protective 
structures,  the  degree  of  uncertainty  must  be 
quite  narrow  and  the  simple  application  of  safety 
factors  Is  not  sufficient. 

Hence,  In  order  to  evaluate  design  assump¬ 
tions  and  computer  models,  full  scale  testing  of 
the  structure  over  a  variety  of  geological  sites 
Is  attractive  and  has  been  done  In  several 
Instances,  but  at  considerable  cost  and  safety 
risk.  Presently,  designs  are  based  upon  emperlcal 
correlations  of  those  field  studies  and  some 
numerical  analyses  of  structural  components. 


However,  variations  In  geological  sitings, 
structural  design  details,  weapons,  stand-off 
distances,  etc.  are  precluding  full-scale  field 
tests  for  numerical  validation  and/or  Improvement. 
Accordingly,  to  reduce  testing  costs  and  safety 
risks,  laboratory  scale  models  provide  a  viable 
method  under  controlled  conditions  for  evaluating 
numerical  models,  provided  that  the  dead  load 
effects  of  the  structure  and  surrounding  soil  can 
be  accounted  for.  Unfortunately,  these  dead  load 
effects  are  not  appropriately  handled  In  one 
gravity  testing  and  thus,  centrifugal  modelling 
offers  an  alternative  testing  procedure  with 
substantial  potential  for  cost  reduction. 

Faced  with  these  concerns,  the  Air  Force 
Initiated  an  Investigation  of  the  feasibility  of 
using  centrifugal  modelling  as  an  alternative 
testing  procedure  and  a  substantial  potential  for 
cost  reduction  for  evaluating  burled  structures 
subjected  to  blast  loadings. 

Objectives  -  From  these  considerations,  the 
objectives  of  the  research  reported  herein  were: 
(a)  to  evaluate  centrifugal  model  scaling 
relationships  pertinent  to  blast  loadings,  (b)  to 
develop  a  micro -concrete  with  miniaturized 
reinforcement  to  construct  l/50th  or  smaller  scale 
models,  and  (c)  to  Incorporate  a  nonlinear  soil 
model  Into  an  existing  numerical  finite  element 
code  (NONSAPC)  to  be  compared  with  c.»ncr1fugal 
models. 

Scope  of  Work  -  These  objectives  were  accomplished 
by  performing  dimensional  analyses  using 
Buckingham  Pi  Theory  which  resulted  In  a  computer 
code  P1SETS.  Trial  mixes  using  gypsum  mortar  and 
sard  scaled  to  follow  prototype  gradations  were 
used  to  develop  a  micro-concrete.  Deformed  steel 
wire  was  used  to  model  reinforcement.  A  non¬ 
linear  soil  model  (Modified  Duncan)  was  inserted 
Into  NONSAPC.  to  represent  the  stress  dependent 
behavior  of  soils.  Subsequent  numerical  analyses 
of  the  structure  were  performed  to  evaluate  the 
sensitivity  of  the  structure  to  linear  or 
nonlinear  analyses. 
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Table  1.  Listing  of  parameters  for  dimensional  analyses  of  blast  loadings 
[After  (6)] 
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Centrifugal  Model  Scaling  Relationships 

Oimensional  Analyses  -  Table  1  presents  the 
dependent  parameters  of  Interest  (stress, 
displacement,  and  acceleration)  and  19  independent 
parameters  used  for  determining  scaling 
relationships.  In  order  to  solve  this  dimensional 
matrix,  three  repeating  parameters;  Inpulse, 
height,  anc  concrete  modulus  were  used  to  generate 
the  »  terms  'ted  in  Table  1.  Note  that  many  of 
the  »  terms  are  dependent  upon  the  materia1 
properties.  Contingent  on  using  the  same  material 
in  model  and  prototype,  the  scaling  relationship- 
in  Table  2  result.  It  is  Important  to  obser.e 
that  *,,,  energy,  scales  as  n3,  that  is  to  say, 
small  Blast  energies  or  charges  in  a  high  g 
centrifuge  environment  can  simulated  high  yields 
(6). 

Scaling  and  Equipment  Difficulties  -  The  major 
problem  stems  from  the  conflict  between  satisfying 
geometric  scaling  laws  while  maintaining  the 
material  properties.  For  soils  a  reduced  grain 
size  drastically  changes  Its  material  properties; 
l.e.,  modulus,  stength,  dllatlonal  wave  speed, 
permeability,  etc.  Hence,  It  is  appropriate  to 
ignor  geometric  reduction  of  soil  particles  and 
assume  consistent  properties  between  model  and 
prototype.  For  reinforced  concrete,  similar 
material  properties  pertubations  occur  In  that 
aggregate  and  reinforcement  sizes  must  be  scaled 
to  construct  a  model.  Accordingly  micro-concrete 
and  miniaturized  reinforcement  duplicating 
prototype  properties  are  dictated.  Iq  the  case  of 
explosives  since  energy  scales  at  1/n3  that  of  the 
prototype  energy,  very  small  explosive  quantities 
are  required  for  a  model  blast  loading.  Nielson 
(10)  has  proposed  that  RDX  could  be  used  to  model 
explosives  and  estimated  2.0  gms  of  RDX  In  a  60  g 
environment  would  model  a  1000  lb.  bomb.  Hence, 
downsizing  explosive  quantities  may  require 
special  considerations. 


The  scale  to  which  a  burled  structure  can 
actually  be  tested  Is  dependent  upon  the  radius, 
acceleration  level  and  payload  of  the  centrifuge. 

Avgherlnos  and  Schofield  (3)  have  suggested 
that  due  to  the  radial  nature  of  centrifugal 
accelerations  applied  to  a  model  within  a 
centrifuge,  the  gravitational  forces  on  the  model 
will  vary  across  Its  base  and  height  unlike  that 
of  the  prototype.  Hence,  to  limit  this  effect, 
the  height  of  the  model  should  be  limited  to  ± 
1/10  of  the  radial  arm  of  the  centrifuge. 
Similarly,  Bassett  (5)  suggests  that  length  be  no 
longer  than  the  cord  of  a  15°  section  with  a 
radius  equal  to  the  centrifuge’s  arm.  In  addition 
to  these  model  size  limitations,  allowances  must 
be  made  for  boundary  effects.  Based  upon 
centrifugal  model  footing  experiments,  Bagge  and 
Christensen  (4)  have  suggested  that  container 
diameters  should  be  greater  than  five  times  that 
of  the  model  diameter  (Dc>5Dm).  Faced  with  these 
model  size  criteria,  one  must  also  consider  the 
payload  weight  capacity  versus  g  level  of  a 
specific  centrifuge. 

Micro-concrete  and  Miniaturized 
Reinforcement  Developement 

Faced  with  the  requirement  of  scaling  both 
aggregate  and  reinforcement  to  construct 
reinforced  concrete  models  for  centrifugal 
testing,  the  objective  of  this  phase  was  to 
develop  a  micro-concrete  and  miniaturized 
reinforcement.  Accordingly,  a  micro -concrete  was 
developed  after  numerous  trials  consisting  of  high 
strength  gypsum,  and  fine  sand;  the  recipe  of 
which  Is  one  part  gypsum,  0.25  parts  water,  and 
0.8  parts  sand.  After  forming  the  mix,  specimens 
were  cast,  allowed  to  cure  48  hours  and  then 
coated  with  shellac  to  cease  curing  of  the 
gypsum.  This  procedure  produced  a  micro-concrete 
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Table  2.  PI  Sets  of  Blast  Load  Dimensional  Analysis  [After  (6)3 


»  Terms 

Scaling  Relationship  at  N  g's 

■  d/h 

dm  ■  dp/n 

-  R/H 

Rm  ■  Rp/n 

*3  '  Asr/Hi 

*STm  "  AsTP/hE 

%  "  Fe/Ec 

F«  *  Fcp 

*5  *  FST'Ee 

fst»  *  f$t  p 

*6  “  VEC 

ES«  ■  Esp 

*7  *  C/Ec 

«.  "  CP 

*8  "  VEc 

pc«  *  pcp 

*9  ' 

°m  "  °p 

*10  ■  VEc 

po»  *  pop 

*11  * 

£rw  *  Enp/"3 

•12  * 

Ae  *  »»p 

*13  *  V* 

pc.  "  pc  p 

*14  *  ICc/h3ec 

c«  *  Ccp 

*15  *  «V#/I* 

pt.  "  Psp 

*16  *  Kl'*\ 

c«  ■  c,p 

t17  •  Ifc/M3EC 

k.  •  kp 

*18  ’  '2«'HV 

A.  "  "  «p 

*19  "  EcT  h2/! 

’•  "  V" 

with  the  following  properties:  compressive 

strength  »  4100  psl,  tensile  strength  *  310  psl , 
unit  weight  136  pcf,  and  50%  fc'  secant  modulus  • 
3.3  x  10*  psi. 

Black  annealed  steel  wire  (22  gage)  Is  used 
for  miniaturized  reinforcement  In  the  following 
fashion:  (a)  the  wire  Is  passed  through  a 

knurling  machine  which  makes  serrations  on  the 
wire  similar  to  re-bar,  (b)  the  wire  is  then 
stressed  to  40,000  psl  to  remove  kinks,  bends, 
etc.  and  (c)  the  wire  Is  placed  In  the  model.  An 
E  »  29  *  10°  psl  and  tensile  strength  of  50,000 
psl  results  from  this  procedure.  The  slightly 
lower  yield  strength  of  the  wire  Is  accounted  for 
In  the  mode’s  by  Increasing  the  area  of  steel 
reinforcement. 

Figure  1  presents  the  results  of  a 

miniaturized  reinforced  beam  (.6"  x  1.0"  x  7.25") 
subjected  to  third  point  loading,  and  the 
corresponding  numerical  prediction  (NGNSAPC)  using 
a  nonlinear,  concrete  model.  As  shown,  the 
prediction  Is  quite  good  and  the  properties  of 
this  miniaturized  reinforced  micro -concrete  are 
quantified;  thus  providing  the  means  for 
constructing  centrifugal  models. 

Numerical  Modelling  of  Burled  Structure 
Response  to  Blast  Loadings 


described  can  greatly  extend  our  abilities  to 
evaluate  designs.  In  fact,  the  testing  philosophy 
adapted  at  UF  Is  to  use  centrifugal  test  results 
of  generic  simple  prototypes  to  validate  and 
Improve  numerical  models.  In  this  context,  the 
objective  of  this  phase  Is  to  evaluate  the  N0NSAPC 
(nonlinear  elastlco  dynmalc  finite  element 
program)  (2)  for  predicting  the  response  of 
the  structure  to  blast  loadings.  Accord¬ 
ingly,  the  stability  and  convergence  of  the 
program  was  studied,  a  nonlinear  soli  model 


Tint 


Background  -  Complimenting  centrifugal  model  tests 
‘»re  numerical  models,  which  when  properly 
"calibrated"  and  accurate  material  properties 
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Fi.-ure  1,  Predicted  and  Laboratory  Test 
Results  of  Reinforced  Micro-Concrete 


Implemented,  and  lastly  comparisons  between  linear 
and  nonlinear  representations  of  both  concrete  and 
soil  models  were  performed. 

Soil  Model  -  The  NONSAPC  program,  as  received 
original ly ,  did  not  contain  a  material  model  that 
could  represent  the  nonlinear  stress-dependent 
behavior  of  soils.  The  Modified  Duncan  Model  (9), 
an  outgrowth  of  the  Duncan-Chang  Model  (8),  was 
added  to  NONSAPC  in  order  to  model  the 
characteristically  nonlinear  stress-strain 
behavior  of  soils  observed  in  the  laboratory.  The 
model,  being  Incremental  elastic,  was  adaptable  to 
the  solution  scheme  of  NONSAPC  and  utilizes  input 
parameters  obtainable  from  conventional  laboratory 
tri axial  tests. 

Input  Preparation  -  Due  to  the  size  and  complexity 
of  the  buried  structure  to  be  analyzed,  symmetry 
was  assumed  and  only  one  quarter  was  discretized. 
As  shown  In  Figure  2,  the  structure  consists  of  a 
burster  slab  and  buried  three  bay  facility. 
Loading  of  the  structure  was  calculated  based  upon 
a  1000  lb.  spherical  charge  detonated  five  feet 
above  the  burster  slab  centerline.  Shock  wave 
parameters  and  reflective  pressure  coefficients 
(12)  were  used  to  determine  the  pressure  time  load 
history  for  the  structure  at  selected  nodal 
points. 


Figure  2.  Finite  Element  Idealization 
of  the  Soil -Structure-System 

In  the  linear  analysis  of  the  structure,  all 
the  soil  and  concrete  materials  were  modelled  as 
linear  elastic,  with  Ec  *  5.76  x  10°  psl  (1)  and 
for  the  soil  E  =  B  =  T3, 039.6  (o  )l'z  (11).  The 
estimated  value  of  o  was  based  upon  gravity  and 
blast  loadings,  with°the  blast  loading  calculated 
as  P0  (psf)  =  39,905,539  (R)‘z*  ,  where  R  = 
distance  from  explosion  (ft.)  (7).  In  the  case  of 
nonlinear  analyses,  the  Modified  Ouncan  model  was 
used  to  represent  the  sand,  while  an  orthotropic 
variable  modulus  model  (2)  was  used  to  represent 
the  nonlinear  concrete  behavior.  Since  the  actual 
placement  of  the  reinforcing  steel  Is  not 
represented  in  this  model,  a  smeared  (composite) 
modulus  based  upon  concrete  and  steel  moduli  was 
used  for  the  appropriate  element.  The  sand  was 
represented  by  dynamic  soil  parameters  Inserted  In 
the  Modified  Duncan  model  (9). 

Analysis  and  Results  of  Numerical  Modelling 

General  -  Four  complete  finite  element  analyses, 
one  linear  and  three  nonlinear,  were  performed  on 


the  soil -structure  system.  The  first  analysis 
utilized  all  linear  elements  and  a  time  step  of 
Integration  of  0.1  milliseconds,  while  the  three 
nonlinear  analyses  used  nonlinear  elements  and 
time  steps  of  0.025,  0.05,  and  0.1  milliseconds 
respectively.  Figure  2  presents  the  linear  and 
nonlinear  material  elements,  and  nodes  examined 
for  stresses  and  time  displacements,  respectively. 
The  material  model  parameters  used  are  described 
in  detail  in  Reference  13. 

Figure  3  presents  a  comparison  of  peak 
stresses  In  the  soil  (Independent  of  time)  along 
the  structure  top  in  the  x-y  plane.  As  shown, 
smaller  time  steps  produced  the  highest  peak 
stress,  with  the  effect  greatest  nearest  the  point 
of  loading.  This  effect  is  due  primarily  to  the 
nonlinear  stress  dependency  of  the  soil  In  regions 
of  high  stress  gradients  (near  the  charge).  At 
lower  stress  gradients  further  from  the  detonation 
time  step  sensitivity  decreases.  Predictions 

using  the  following  equation  are  quite 
unconservative  (7): 

PQ  =  f  *(PC)  •160-(R/W)1/3)“n 

where  f  =  coupling  factor  (0.14),  Pc  *  acoustic 
impedence  (22),  R  =  distance  from  explosion,  ft, 
W  -weight  of  charge  (1000),  and  n  =  attenuation 
coefficient  (2.75).  Thus,  It  is  concluded  that  an 
Improved  numerical  analysis  using  smaller  time 
steps  and/or  finer  descretlzatlon  near  the 
detonation  would  better  predict  the  high  stress 
gradients  in  this  region. 


Figure  3.  Peak  Vertical  Stress,  in  the  X-Y 
Plane  of  Symmetry,  On  the  Structure 


Figure  4  presents  the  time  displacements  of 
node  5  (Figure  2)  as  an  example.  As  shown, 
displacements  were  greatest  nearest  the  detonation 
for  the  nonlinear  analyses  using  the  smallest  time 
step.  The  increasing  peak  displacements  with 
decreasing  time  steps  indicates  that  convergence 
has  not  been  achieved  and  a  finer  time  step  and/or 
finer  discretization  may  be  appropriate. 
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Figure  4.  Tine  Displacements  for 
Node  S  Under  Burster  Slab 

Also  shown  Is  that  the  linear  analysis 
displacements  near  the  detonation  are  much  lower 
than  those  of  the  nonlinear  analyses.  Additional 
comparisons  (not  presented)  between  linear  and 
nonlinear  analysis  revealed  that  when  the  distance 
from  the  blast  Increased,  the  effects  of  material 
nonlinearity  and  reduced  time  steps  on  peak 
displacements  decreased.  Specifically,  the  time 
displacements  of  nodes  22,  25  ,  26,  30,  and  42  of 
Figure  2  exhibit  little  differences,  thus, 
suggesting  nonlinear  material  characterization  and 
small  time  steps  are  not  necessary  at  g<*eat 
distances  from  the  blast. 

Elements  exhibiting  exceptionally  high 
stresses  compared  to  the  strength  of  concrete  are 
numbered  In  Figure  2,  and  undoubtably  would 
exhibit  a  nonlinear  behavior  resulting  In  damage 
to  the  structure.  In  all  cases,  the  nonlinear 
analyses  calculated  higher  stresses  than  the 
linear  analyses,  primarily  due  to  the  nonlinear 
benavlor  of  the  soil  model. 

Conclusions 

1.  Centrifugal  modelling  Is  a  viable  technique 
for  evaluating  the  response  of  burled  struc¬ 
tures  to  blast  loadings,  and  similitude  can  be 
achieved  If  both  prototype  and  model  materials 
have  the  same  properties  and  yields  are 
scaled. 

2.  Micro-concrete  consisting  of  gypsum  mortar  and 
sand  and  miniaturized  reinforcement  of  knurled 
anealed  steel  wire  can  successfully  simulate 
reinforced  concrete. 

3.  Nonlinear  numerical  analyses  of  a  burled 
structure  subjected  to  blast  loading  produces 
much  higher  stresses  and  corresponding  dis¬ 
placements  than  linear  analyses,  and  as  much 
as  10  times  greater  than  those  of  emperlcal 
design  methods.  However,  sensitivity  to  time 
step  and  nonlinear  material  formulations 
decreased  with  distance  from  the  point  of 
detonation. 
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CONCRETE  BREACHING  DATA  BASE  SEARCH  AND  CONCRETE  PENETRATION  ANALYSIS 


J.  R.  WOI.FERSBERGER 


GOODYEAR  AEROSPACE  CORPORATION 


ABSTRACT 


The  data  base  search  summarized  below  was  performed 
under  Air  Force  Contract  FO-8635-83-C-0557.  The 
analyses  described  in  this  paper  were  performed  using 
IR&D  funds  supplied  by  Goodyear  Aerospace  Corpora¬ 
tion.  A  complete  description  of  the  search  and  the 
analyses  is  contained  in  document  ESL-TR-84-37, 
published  by  the  Engineering  and  Services  Laboratory, 
Air  Force  Engineering  and  Services  Center,  Tyndall  Air 
Force  Base,  Florida. 


1.  PURPOSE  OF  DATA  BASE  SEARCH 

The  need  for  a  data  base  search  can  be  seen  from  the 
graph  presented  in  Figure  1  (References  1  and  2),  which 
shows  that  there  are  substantial  differences  among 
concrete  scabbing  and  breaching  estimators.  There  are 
a  variety  of  plausible  explanations  for  some  of  these 
differences:  target  properties,  interpretations  of 

damage,  and  experimental  methods.  One  specific  in¬ 
tent  of  this  data  base  search  was  to  locate  and  acquire, 
if  possible,  the  data  used  to  formulate  the  officially 
sanctioned  concrete  breaching  and  scabbing  estimators 
set  forth  in  the  Joint  Munitions  Effectiveness  Manual 
(JMEM).  Given  these  data,  it  was  felt  that  it  would  be 
possible  to  either  resolve  the  differences  in  scabbing/ 
breaching  estimators  by  means  of  analysis  or  determine 
if  specific  experimental  programs  would  be  required  to 
provide  a  sound  basis  for  the  estimation  of  concrete 
scabbing  and  breaching. 

a.  Focus  of  Contractor's  Search  Report 

It  was  known  at  the  outset  of  the  search  effort  that  the 
data  base  for  hard  target  vulnerability  assessments  was 
largely  generated  during  the  1940's.  Because  the  Vul¬ 
nerability  Assessments  Branch  (DLYV)  already  had  in 
its  possession  or  could  readily  acquire  concrete  scab¬ 
bing  and  breaching  data  generated  during  the  past 
twenty  years,  this  search  concentrated  on  locating  and 
acquiring  data  generated  during  the  1940's. 

b.  Results  of  Search  Effort^ 

A  major  objective  of  the  search  was  to  locate  and 
acquire  the  14  key  reference  documents  that  provide 
the  basis  for  official  concrete  scabbing  and  breaching 
estimators  (Reference  3).  Eight  of  the  14  references 


Figure  1  -  Comparison  of  Official  and  Proposed 
Estimators  for  Breaching  Damage  to 
Reinforced  Concrete  Wall  Panels 


were  acquired;  the  missing  references  are  all  British 
documents.  Multiple  copies  of  these  documents  were 
sent  to  the  United  States  during  the  1940's,  and  were  at 
one  time  in  the  library  established  by  the  National 
Defense  Research  Committee  (NDRC).  Despite  an 
exhaustive  search  that  involved  numerous  telephone 
calls  and  on-eite  searches  at  the  National  Archives, 
Military  Archives,  and  United  States  Air  Force  (for¬ 
merly  Albert  Simpson)  Historical  Research  Center, 
these  documents  were  not  located.  The  search  did 
yield,  however,  the  location  and  acquisition  of  a  large 
amount  of  reference  material  needed  for  hard  target 
vulnerability  assessments.  Twenty-two  valuable  refer¬ 
ences  on  the  subjects  of  concrete  penetration,  scab¬ 
bing,  and  breaching  were  acquired  for  the  program 
sponsor  and  20  other  important  references  for  vulnerabil¬ 
ity  assessments  were  located  and  reviewed.  Bibliograph¬ 
ies  of  the  Textbook  of  Air  Armament  and  the  summary 
reports  of  the  United  States  Strategic  Bombing  Survey 
were  also  prepared. 

2.  EFFECT  OF  CONCRETE  COMPRESSIVE  STRENGTH 
ON  PENETRATION 

a.  Introduction 

It  is  an  established  fact  that  the  compressive  strength 
of  concrete  inc:r*anes  with  age.  Typical  rate  of  strength 
developments  and  compressive  strengths  at  various 
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ages  are  shown  in  Figure  2  (Reference  4).  It  is  also  a 
fact  that  several  widely  used  concrete  penetration 
equations  contain  a  target  properties  term  that  has  the 
form  KS"l/2,,  where  S  is  concrete  compressive  strength 
and  K  is  an  experimentally  determined  constant,  usu¬ 
ally  at  small  scales.  A  final  fact  important  in  consider¬ 
ing  the  influence  of  concrete  properties  on  penetration 
is  that  there  is  an  inevitable  dispersion  in  concrete 
penetration  data,  regardless  of  the  care  exercised  in 
performing  concrete  penetration  experiments.  Tests  of 
identical  projectiles  at  identical  velocities  against  the 
same  concrete  target  should  produce  identical  penetra¬ 
tions;  sometimes  this  occurs,  but  most  of  the  time  it 
does  not.  Typical  data  dispersion  for  .50-caHber  tests 
against  massive  concrete  targets  is  shown  in  Figure  3. 
These  were  well  controlled  penetration  experiments, 
yet  the  width  of  the  band  containing  all  the  data  ranges 
from  0.5  to  0.82  calibers.  Thus  when  seeking  to 
demonstrate  that  some  parameter  or  concrete  variable 
has  a  small  but  predictable  effect  on  penetration, 
somehow  one  must  separate  the  signal  from  the  noise; 
as  noted  in  Reference  5:  "A  graph  of  penetration 
versus  one  of  the  concrete  variables  does  not  necessar¬ 
ily  imply  a  unique  relationship." 


DAYS  YEARS 

CURE  TIME 

Figure  2.  Rates  of  Compressive  Strength 
Development  for  Various  Concretes 


Figure  3.  Experimental  Data  Dispersion  For 
50-Caliber  Penetration  Tests  Against  Massive 
Concrete  Targets 


b.  Analysis 

Large  differences  in  concrete  compressive  strengths 
produce  large  differences  in  the  penetration  of  identi¬ 
cal  projectiles,  as  is  clearly  shown  in  Figure  4.  (Note 
that  the  ages  of  the  targets  are  the  same.)  Now  if  com¬ 
pressive  strength  is  strongly  related  to  penetration 
resistance,  one  should  be  able  to  prepare  accurate  esti¬ 
mates  of  penetration  into  a  10,000  psi  target,  given  the 
observed  penetration  into  a  5000  psi  target.  The  accur¬ 
acy  of  such  estimates  can  best  be  checked,  of  course, 
by  conducting  penetration  tests  against  both  targets 
using  identical  projectiles  and  striking  velocities.  If 
this  is  done  and  if  a  concrete  properties  term  of  the 
form  is  valid,  penetration  into  the  10,000  psi 

target  will  be  [  (5000/10, 000)]*/^  times  the  penetra¬ 
tion  into  a  5000  psi  target  or  P(10,000  psi  target)  = 
P(5,000psi  target)  x(0.5)*/2,  Figure  5  shows  an  interest¬ 
ing  test  of  this  hypothesis.  The  shaded  circles  are  the 
actual  penetration  measurements  for  the  .50-caliber 
tests  against  a  9450  psi  target  with  a  365  day  cure.  The 
open  circles  are  estimates  formed  by  multiplying  the 
•50-caliber  test  data  for  a  4115  psi  target  by  [(4115/ 
9450)]!/^  Note  that  these  data  points  would  define  a 
penetration  curve  for  the  9450  psi  target  that  would  be 
essentially  identical  to  the  curve  defined  by  the  actual 
tests  against  this  targrt.  This  same  "test"  can  be  ap¬ 
plied  to  Figure  4.  That  is,  assume  only  the  data  for  .50- 
caliber  tests  against  the  4115  psi  target  is  available. 
Multiply  each  point  by  [(4115/1895)]*'^  and  generate 
estimated  penetration  points  for  an  1895  psi  target, 
then  multiply  the  same  points  by  [(4115/8240)]V2  and 
generate  an  estimate  for  the  8240  psi  target.  After 
completing  this  exercise  it  will  be  clear  that  the  con¬ 
crete  properties  term  in  major  penetration  equations, 
KS“1/Z,  accurately  depicts  the  resistance  of  massive 
concrete  to  penetration. 


Figure  4.  Effects  of  Compressive  Strength  on 
Penetration  (.50  Caliber  Tests) 


Now  consider  briefly  the  problem  of  proving  conclu¬ 
sively  that  an  individual  concrete  variable  significantly 
affects  penetration.  Figure  6  shows  an  apparent  age 
effect.  Since  the  targets  do  not  have  identical  compres¬ 
sive  strengths,  a  slight  adjustment  must  be  made  to 
remove  the  compressive  strength  effect.  Even  if  this  is 
not  done,  note  that  when  striking  velocities  are  nearly 
identical,  some  sets  of  points  indicate  that  there  is  a 
significant  age  effect  while  some  sets  of  points  indi¬ 
cate  that  there  is  little  if  any  effect.  Add  to  this  the 
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data  dispersion  shown  previously  and  one  can  at  best 
suggest  that  these  dita  show  some  indication  that  con¬ 
crete  age,  per  se,  affects  penetration.  It  certainly  is 
not  possible  with  these  data  to  unambigously  establish  a 
specific  relation  between  concrete  target  age  and  pene¬ 
tration. 


2  4  S  a  10  12  !4  IS  IB  20  22  24 

STRIKING  VELOCITY  IFRS  X  102l 

Figure  S.  Compressive  Strength  Accounts  for 
Age  Effect  in  Concrete  Penetration 


STRIKING  VELOCITY  (FPS  X  tOJl 

Figure  6.  Effect  of  Target  Age  on 
Concrete  Penetration 

3.  ANALYSIS  OF  PREDICTIVE  ACCURACY  OF  TWO 
CONCRETE  PENETRATION  EQUATIONS 

a.  Introduction 

The  purpose  of  this  analysis  is  to  illustrate  a  use  for  the 
concrete  penetration  data  acquired  during  the  data 
base  search  and  to  provide  a  partial  analysis  of  the 
predictive  capabilities  of  two  concrete  penetration 
equations  for  massive  penetration  events.  The  data 
used  in  this  analysis  were  drawn  exclusively  from  Inter¬ 
im  Report  No.  20  (Report  I  -  Data),  Committee  on 
Fortification  Design  (CFD),  National  Research  Council 
(Reference  6).  The  tests  reported  in  this  document 
were  performed  io  add  to  the  massive  concrete  penetra¬ 


tion  data  base  and  to  develop  concrete  scabbing  and 
perforation  limits  for  .50-caiiber,  3?  mm,  75  mm,  3- 
incli,  and  155  mm  projectiles.  Lateral  target  dimen¬ 
sions  varied  from  7  by  7  feet  (small  projectile  tests)  to 
28  by  39  feet  for  the  large  projectile  tests.  Multiple 
shots  were  conducted  against  targets  with  no  overlap  of 
impact  craters.  All  targets  were  reinforced;  ages  at 
test  varied  from  63  to  260  days;  compressive  strengths 
varied  from  38  00  psi  to  6600  psi,  with  most  targets 
being  in  the  5000  pel,  180-day  cure  regime.  Complete 
details  on  the  targets  and  tests  are  set  forth  in  Interim 
Report  20. 

Since  this  analysis  is  concerned  exclusively  with  mas¬ 
sive  concrete  penetration,  it  is  worthwhile  to  clearly 
define  the  terms  massive  concrete  target  and  massive 
penetration  event.  A  concrete  target  Is  massive  only 
with  respect  to  a  particular  projectile  and  penetration 
event.  If  the  impact  and  penetration  of  projectile  P 
into  concrete  target  T  do  not  produce  edge  effects  or 
rear  face  damage  to  the  target,  this  constitutes  a  mas¬ 
sive  penetration  event  and  the  target  b  considered  a 
massive  target  for  thta  projectile  and  event.  The  most 
beneficial  way  to  consldet  concrete  penetration  fa  in 
terms  of  massive  penetration  events,  which,  to  repeat, 
are  terminal  ballistic  events  in  which  the  target  does 
not  suffer  either  edge  effects  or  rear  face  damage. 
The  absolute  size  of  the  target  fa  irrelevant;  the  only 
concern  fa  that  the  target  does  not  suffer  edge  effects 
or  rear  damage.  Clearly,  then,  the  same  concrete  tar¬ 
get  can  be  massive  for  projectile  P}  and  not  massive 
for  projectile  Pj.  For  the  same  projectile,  the  target 
can  be  massive  for  Event  A  and  not  massive  for  Event 
B. 


(1)  General 

Two  concrete  penetration  equations  were  analyzed,  an 
NRDC  equation  (Reference  7)  and  a  British  equation. 
The  NRDC  and  British  concrete  penetration  equations 
were  selected  for  analysis  because  they  are  baaed  on 
very  large  numbers  of  tests.  These  equations  were 
developed  during  the  1940'e.  In  the  United  States,  a 
large  portion  of  the  concrete  penetration  work  was 
supervfaed  by  the  National  Research  Council. 

The  final  NDRC  equation  fa  not  evaluated  since  it  con¬ 
tains  a  partially  defined  target  properties  term,  and 
thus  fa  not  particularly  useful.  To  the  best  of  this 
analyst's  knowledge,  the  British  equation  evaluated  fa 
the  final  British  concrete  penetration  equation  de¬ 
veloped  by  the  Road  Research  Laboratory. 

Figure  7  provides  a  good  indication  of  the  need  for  an 
analysis  of  the  predictive  capabilities  of  concrete  pene¬ 
tration  equations.  For  impact  velocities  below  about 
1500  fps,  the  equations  considered  provide  nearly  identi¬ 
cal  penetration  estimates.  However,  there  are  substan¬ 
tial  differences  in  these  estimates  beyond  1500  fps. 
For  example,  for  a  10,000  psi  target  at  2500  fps  strik¬ 
ing  velocity,  there  fa  a  3 -caliber  difference  in  esti¬ 
mates.  In  a  vulnerability  assessment,  this  could  easily 
equate  to  a  zero-one  situation;  that  fa,  estimate  1 
would  say  the  target  was  defeated;  estimate  2  would 
say  the  target  received  slight  damage. 


Figure  7.  Differences  in  Two  Massive  Concrete 
Penetration  Predictors 


The  NRDC  equation  is: 

*■ 

where: 

Z  =  penetration  (calibers) 

S  =  compressive  strength  (psi) 

W  =  projectile/warhead  weight  (pounds) 

d  =  projectile/warhead  diameter  (inches) 

V0  =  striking  velocity,  fps/1000 

f  (  0  )  =  obliquity  correction  (1,0  at  zero 

degrees;  0.85  at  15  degrees;  0.60 
at  30  degrees) 

The  one-half  is  an  impact  adjustment  term  that  was 
used  for  only  low  velocity  events  in  this  analysis.  Ini¬ 
tial  analysis  indicated  that  an  impact  adjustment  term 
would  improve  the  predictive  capabilities  of  the  NDRC 
equation  if  applied  only  to  low  velocity  impacts.  So 
a  0.25-caliber  impact  adjustment  term  was  used  for 
penetration  events  at <1000  fps. 

The  British  equation  is  not  set  forth  because  it  is  still 
classified,  but  it  is  basically  similar  to  the  NDRC  equa¬ 
tion;  an  important  difference  is  that  to  convert  con¬ 
crete  compressive  strength  by  standard  United  States 
cylinder  tests  to  British  compressive  strengths,  the 
United  States  value  must  be  multiplied  by  1.39  for  tests 
using  4-inch  cubes  and  1.33  for  tests  using  6-inch  cubes. 
Most  British  compressive  strength  tests  refer  to  4-inch 
cubes;  in  this  analysis,  compressive  strengths  used  in 
evaluating  the  British  equation  are  1.39  times  United 
States  compressive  strengths. 

(2)  Data  and  Accuracy  Criteria 

The  predictive  accuracy  of  these  two  equations  for 
massive  penetration  events  was  evaluated  with  respect 
to  data  from  the  following  tests: 

1.  Thirty-three  all-velocity,  37  mm  tests  against 
three  massive  concrete  targets  with  essentially  identi¬ 
cal  compressive  strengths.  First,  a  simple,  serol- 
quantitative  comparison  of  the  equations  was  made 
using  these  data.  This  preliminary  analysis  indicated  a 
need  for  a  more  definitive  analysis  of  these  equations. 

2.  Twenty-four  all-velocity,  37  mm  tests  against 


two  massive  target  with  substantially  different 
compressive  strengths. 

3.  Thirteen  all-velocity,  155  mm  massive  pene¬ 
tration  tests. 

4.  Twenty  low-velocity  (<1000  fps),  155  mm 
massive  penetration  tests. 

For  the  main  quantitative  analysis  of  the  equations,  the 
predictive  accuracy  criteria  utilized  were  caliber  error, 
average  caliber  error,  and  mean  absolute  error.  Cali¬ 
ber  error  is  defined  as  actual  (measured)  penetration 
minus  estimated  penetration.  Caliber  errors  are 
summed  algebraically,  and  then  averages  are  derived 
for  several  combinations  of  the  separate  sets  of  data; 
namely,  all  37  mm  data;  all  37  mm  plus  the  all-velocity 
155  mm  data;  the  low-velocity  155  mm  data;  and  all 
155  mm  data.  Absolute  error  is  simply  the  absolute 
value  of  the  difference  between  actual  penetration  and 
estimated  penetration.  Mean  absolute  error  is  then 
simply  the  sum  of  absolute  errors  divided  by  the  data 
points  in  a  particular  set;  for  example,  all  37  mm  data. 
A  sample  of  the  data  used  is  given  in  Table  1.  The 
predictive  errors  are  summarized  in  Table  2.  The  pat¬ 
terns  of  the  predictive  errors  for  the  all-velocity  data 
are  shown  in  Figures  8  and  9. 

TABLE  1  -  BRITISH  EQUATION  37  MM  DATA 


Target  6C,  4 $62  psi  (6?  days) 


Target  6D,  6160  psi  1266  days) 


Striking 

velocity 

(fps) 

Actual 

pentr 

(cal) 

Eat . 

pentr 

(cal) 

Error 
(cal)  • 

Striking 

velocity 

(fpe) 

Actual 

pentr 

(cal) 

Eat 

pentr 

(cal) 

Error 
(cal)  • 

3027 

12.90 

11.90 

♦1.00 

2979 

11.56 

*.59 

♦  1.97 

3006 

13.66 

11.80 

*1.86 

3097 

11.39 

10.02 

♦  1.37 

24S2 

9.31 

9.24 

♦0.07 

2488 

7,94 

7.85 

♦0.09 

2446 

9.21 

9.22 

-0.01 

2476 

7.81 

7.81  ' 

0.00 

1942 

7.32  ! 

6.99 

♦0.33 

2013 

5.93 

6.20 

-0.27 

1939 

7.16 

6.98 

♦0.18 

2002 

5.08 

6.16  1 

-1.08 

1424  1 

3.9$  1 

4.82  ! 

-0.87 

1404 

3.36 

4.15  1 

-0.79 

1407  | 

3.99 

4.75 

-0.76 

1385 

3.64 

4.09 

-0.45 

98$  | 

2. 59  | 

J..0 

-0.51 

1199 

2.52  1 

3.48 

-0.96 

983  i 

2.95  i 

3.09 

-0.14 

961 

2.22 

2.72  ! 

-0.50 

660 

1.78  | 

1.91  ! 

-0.13 

671 

IH 

1.83 

-0.30 

639 

1.67  | 

1.84 

-0.17 

671 

1.40  j 

1.83  | 

-0.43 

•Error  =  actual  penetration  minus  predicted  penetration 


TABLE  2  -  SUMMARY  OF  PREDICTIVE  ACCURACY 
FOR  NDRC  AND  BRITISH  CONCRETE 
PENETRATION  EQUATIONS 


Average  errors  (calibers) 

37  mm. 

57  tests 

155  mm 

13  tests*  | 

37  bb  ♦  15S  mm,  1 
70  tests*  j 

155  BB. 

20  tests* 

All  155  mm, 

33  tests 

♦0.0033 

♦  0.059  | 

♦0.0136 

•0.185  | 

♦0.135 

-0.0723  | 

♦  0.064  ^ 

-0.0470 

-0.081 

-0.0251 

Mean  absolute  errors  (calibers) 

37  am, 

57  teats 

155  mm  1 
13  1 

37  BB  ♦  155  BB. 
70  tests* 

155  BB , 

20  tests*  | 

All  155  BB, 

33  tests 

0.437 

0.393 

0.429 

0.646 

0.215 

0.566 

•All  velocity;  ♦tow  velocity. 
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Figure  8.  Pattern  of  Predictive  Errors: 
NDRC  Concrete  Penetration  Equation 
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Figure  9.  Pattsrn  of  Predictive  Errors: 
British  Concrete  Penetration  Equation 


Figure  8  shows  that,  for  the  all-velocity  data,  the 
NRDC  equation  has  a  definite  bias  for  striking 
velocities  below  about  1000  fps.  Figure  9  shows  that 
the  British  equation  is  a  reasonably  unbiased  predictor 
for  the  velocity  range  of  greatest  interest,  up  to  about 
2400  fps.  At  the  highest  velocities,  the  British  equa¬ 
tion  also  has  a  bias.  The  all -velocity  displays  suggest 
an  obvious  correction  for  the  NDRC  equation;  utilize  a 
0.25-caliber  impact  adjustment  for  velocities  that  are 
<1000  fps.  The  result  of  using  such  an  adjustment  is 
that,  for  the  low-velocity  155  mm  data,  the  NDRC 
equation  has  an  average  error  of  +0.185  caliber  without 
an  impact  adjustment.  With  a  0.25-caUber  adjustment, 
the  average  error  is  -0.065  caliber,  which  is  about  equal 
to  the  average  error  of  the  British  equation  (-0.083 
caliber)  for  the  low-velocity  155  mm  data. 

For  the  totality  of  the  all-velocity  data  (70  data 
points),  the  NRDC  equation,  without  an  impact  adjust¬ 
ment,  has  a  remarkable  average  error  of  +0.0136  cali¬ 
ber  and  a  mean  absolute  error  of  0.429  caliber.  The 
British  equation  has  a  respectable  average  error  of 
-0.0470  caliber  for  the  all-velocity  data,  with  a  mean 
absolute  error  of  0.566  caliber.  For  the  155  mm  data 
alone,  the  British  equation  is  a  good  predictor,  with  a 
-0.0251  average  error  and  a  0.217  mean  absolute  error. 
The  NDRC  equation  is  only  a  good  predictor  for  155 
mm  data  if  the  0.25-cahber  impact  adjustment  is  used 
for  low-velocity  impacts;  it  then  has  an  average  error 
of  +0.135  and  a  mean  absolute  error  of  0.336. 

There  does  not  appear  to  be  a  single  numeric  that  will 


produce  an  adequate  evaluation  of  the  predictive 
merits  of  empirical  concrete  penetration  equations.  An 
Ideal  penetration  predictor  would  have  small  absolute 
errors  with  no  biases.  Average  error  can  be  a  decep¬ 
tive  criterion  if  used  alone.  One  could  have  a  penetra¬ 
tion  predictor  that  produced  a  very  small  average  error 
even  though  absolute  errors  are  large;  that  is,  the  aver¬ 
age  of  +2.5-  and  -2.6-caliber  errors  is  -0.05  caliber. 
The  error  patterns  of  penetration  predictors  (see  Figure 
8  and  9)  plus  their  mean  absolute  errors,  in  combina¬ 
tion,  appear  to  provide  a  sound  basis  for  identifying  a 
preferred  concrete  penetration  predictor. 

It  is  worthwhile  to  note  that  no  rational  concrete  pene¬ 
tration  equation  could  accurately  predict  many  of  the 
data  points  given  in  Table  2.  There  are  almost  always 
apparent  anomalies  in  concrete  penetration  data  regard¬ 
less  of  the  care  exercised  by  test  personnel.  Thus, 
according  to  current  theory  one  cannot  have  a  penetra¬ 
tion  of  Z  calibers  at  V;  feet  per  second  and  Z  +  A  Z  at 
Vj  feet  per  second  in  which  Vi>V2  and  the  tests  are 
done  with  identical  projectiles  against  the  same  target. 
There  are  a  variety  of  explanations  for  these 
anomalies,  such  as  measurement  errors,  projectile  yaw, 
and  target  variances. 

d.  Conclusions 


Due  to  the  scarcity  of  high-quality,  large-scale  con¬ 
crete  penetration  data,  it  is  not  possible  to  perform  a 
totally  satisfactory  analysis  of  concrete  penetration 
equations.  However,  since  prediction  of  penetration 
into  concrete  is  a  fundamental  necessity  in  most  hard 
target  vulnerability  assessments,  it  appears  clearly 
worthwhile  to  extend  this  analysis  if  possible.  One  way 
to  do  this  is  to  consider  other  equations  and  other  mea¬ 
sures  of  predictive  ability.  Of  greatest  importance, 
however,  is  to  perform  an  analysis  similar  to  that  given 
above  using  all  the  high-quality,  large-scale  data  that 
can  be  compiled.  Until  such  an  analysis  is  performed, 
the  facts  reported  in  the  previous  paragraph  can  be 
used  to  guide  vulnerability  assessments.  The  most 
important  are  that  the  NDRC  equation  without  an  im¬ 
pact  adjustment  is  slightly  better  than  the  British  equa¬ 
tion  as  an  all-velocity  penetration  predictor,  and  that 
the  margin  of  superiority  is  lost  for  the  largest  scale 
data  where  even  with  a  0.25-caliber  impact  adjustment 
the  British  equation  is  superior.  On  the  basis  of  this 
analysis,  it  is  clear  that  one  can  obtain  good  predictive 
accuracy  far  massive  penetration  events  by  using  either 
the  British  equation  as  is  or  the  NDRC  equation  with  a 
0.25-caliber  impact  adjustment  for  impacts  in  the 
<1000  fpc  regime. 

It  is  worthwhile  to  note  that  the  differences  between 
the  equations  evaluated  herein  are  only  large  for  high- 
velocity  impacts.  However,  if  deep  penetration  into 
heavy  concrete  targets  is  or  becomes  important,  then 
penetration  at  high  velocities  will  be  important.  As 
noted  in  the  introduction,  estimates  of  concrete  pene¬ 
tration  produced  by  major  equations  differ  significantly 
for  such  events.  Thus,  if  high-velocity  impacts  (^2008 
fps)  become  of  interest  for  large-caliber  projectiles,  it 
may  be  necessary  to  revise  the  available  penetration 
predictors  or  develop  a  new  predictor.  High-quality, 
large-scale  massive  penetration  data  is  scarce;  it  is 
essentially  nonexistent  for  high  velocities.  Thus,  the 
merits  of  trading  warhead  weight  for  propulsion  weight 
(increase  impact  velocity)  for  large-caliber  warheads 
cannot  be  adequately  evaluated  with  available  penetra¬ 
tion  data. 
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SUMMARY 

In  recent  years,  tne  use  of  reinforced  concrete- 
armoured  doors  as  closing  equipment  for  shelters 
nas  expanded  siqnif icantly.  Protection  requirements 
can  often  oe  met  more  economically  by  such  concrete 
doors  tnan  by  steel  doors,  in  particular  if  stand¬ 
ardized  equipment  can  be  used. 

A  typical  example  is  the  shelter  door  program  ac¬ 
cording  to  the  standards  set  by  the  Swiss  Civil  De¬ 
fence  Authority  (Ref.  1).  Tnese  doors  were  origi¬ 
nally  developed  for  civil  defence  shelters,  but  are 
also  extensively  adopted  for  military  structures  in 
Switzerland  and  in  many  other  countries. 

In  order  tu  achieve  a  balanced  protection  for  shel¬ 
ters,  the  analysis  of  the  vulnerability  of  the  en¬ 
trances  is  of  particular  importance. 

In  this  paper,  recommendations  on  design  and  proper 
application  of  reinforced  concrete-armoured  doors 
and  data  on  typical  protection  characteristics  of 
existing  door  types  are  presented. 


1.  PROTECTION  REQUIREMENTS  FOR  SHELTERS 

Before  qoing  into  details  of  the  door  design,  some 
comments  on  protection  requirements  snail  be  made. 
According  to  the  importance  or  tarqet  attractivlty 
of  a  hardened  structure,  the  requirements  concern¬ 
ing  the  range  and  level  of  protection  may  vary 
within  very  wide  limits,  for  very  important  tarqets 
not  only  large,  but  also  very  precise  weapons  have 
to  be  considered.  Entrances  to  such  facilities  may 
represent  an  interesting  subtarqet,  and  therefore 
direct  hits  on  these  oarts  are  to  oe  assumed  (see 
Figure  1). 

However,  there  are  also  other  structures  such  as 
civil  defence  shelters  which.  In  general,  are  not 
to  be  regarded  as  primary  targets  of  an  enemy  at¬ 
tack  (see  Figure  ?.).  Such  shelters  are  usually  de¬ 
signed  for  a  limited  level  of  protection  in  order 
to  reduce  tne  extent  of  collateral  damage  to  the 
civil  population  at  minimum  cast.  As  an  example, 
Swiss  civil  defence  shelters  are  designed  to  pro¬ 
vide  reasonable  orotection  against  a  wide  range  of 
different  weapon  effets,  whereby  particular  Import¬ 
ance  is  given  to  weapons  which  can  affect  large 


areas  at  once,  such  as  chemical  and  nuclear  wea¬ 
pons.  The  standardized  protection  levels  are  cha¬ 
racterized  by  incident  blast-pressures  of  1  bar  (14 
pst)  or  3  bar  (43  psi)  respectively. 


Threat  to  Important  targets 


/ 


Figure  1:  Example  of  an  important  protective 
structure;  illustration  of  possible 
attack  on  selected  parts  such  as 
entrance  ways  using  heavy,  precisely 
placed  weapons 


Threat  to  larga  nraaa 


Figure  2:  Example  of  distributed  civil  defence 
shelters  for  protection  against  colla¬ 
teral  damage;  uniform  threat  to  entire 
area  Is  assumed 
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The  protection  against  tne  effects  of  conventional 
weapons  comprises  -  since  these  shelters  are  locat¬ 
ed  below  qround  level  -  all  types  of  flat-trajec¬ 
tory  fire  and  stand-off  detonations  of  weapons  with 
hiqh  impact  angles.  The  critical  stand-off  distance 
at  which  a  weapon  breaks  a  shelter,  varies  within 
certain  limits,  depending,  e.g.,  on  the  surrounding 
backfill  or  oarts  of  buildings  located  over  the 
shelter. 


2.  PROTECTIVE  FEATURES  OF  SWISS  CIVIL 
DEFENCE-ARMOURED  DOORS 

In  this  paragraph,  I  shall  briefly  discuss  the  pro¬ 
tective  features  of  Swiss  civil  defence  armoured- 
doors  with  regard  to  conventional  weapons.  More¬ 
over,  I  shall  make  some  comments  on  possible  im¬ 
provements,  if  hiqher  protection  requirements  are 
to  be  fulfilled. 


The  protection  level  of  the  entrances  is  determined 
by  the  standardized  0.2  m  (8  in)  thick  reinforced 
concrete-armoured  doors  and  the  geometry  of  the  en¬ 
trance  oassway.  Further  data  on  the  protection  cha¬ 
racteristics  of  these  doors  will  be  given  later  on. 

The  two  mentioned  shelter  examples  are  of  course 
representing  extremes  of  rather  high  and  low  levels 
of  protection.  Ordinary  military  protective  struc¬ 
tures  usually  range  somewhere  in  between  these  li¬ 
mits. 

We  should  be  aware  of  the  fact  that  for  shelters  of 
hiqher  protection  levels,  the  protection  require¬ 
ments  and  desiqn  problems  for  the  entrance  facili¬ 
ties  are,  in  qeneral,  growing  faster  than  those  of 
the  protective  structure  itself.  This  applies  part¬ 
icularly  to  military  protective  structures,  for 
which  the  threat  due  to  conventional  weapons  is 
more  imporant  than  for  civil  defence  shelters. 
Thus,  the  relatively  cheao  standardized  armoured 
doors  and  other  components  designed  for  civil  de¬ 
fence  purposes  may  be  adopted  for  military  struc¬ 
tures  only  after  proper  examination  of  the  relevant 
protective  properties. 


2.1  Stanoard  Types  <»nu  Dimensions 

Fiqure  3  shows  examples  of  Swiss  civil  defence 
poors.  All  standard  doors  are  hinaed  and  nave  a 
0.2  hi  thick  door  plate  of  reinforced  concrete. 
This  tnickness  has  beer,  chosen  to  ensure  a  fair 
protection  aqainst  blast,  flvinq  fragments,  nuclear 
radiation  and  thermal  effects  ario  to  permit  manual 
operation.  The  doors  are  to  be  mounted  into  tne 
forms  and  cast  with  concrete  on  site  toqetner  with 
tne  walls  of  the  shelter. 


2.2  Blast  Resistance 

Accordin':  to  the  minimum  reau i rements ,  a  Dlast  loao 
as  shown  in  tne  diagram  of  Fiqure  4  has  to  be  con¬ 
sidered  (Ref.  1).  It  is  obvious  that  this  Dressure/ 
time  configuration  nas  beer,  derived  from  a  large 
nuclear  weaoon.  The  first  oeak  having  a  duration  of 
30  ms  is  a  simplified  approach  to  tne  reflected 


Fioure  3:  Examples  of  Swiss  civil  defence  armoured  doors,  standard  dimensions: 

Personnel  doors  PT  1:  0.80  x  1.85  m  Escape  hatch  PD:  0.60  x  0.80  m 

PT  2:  1.00  x  1.86  m  (not  illustrated) 

PT  3:  1.40  x  2.20  m  Equipment  double-door:  2.40  x  2.10  m 
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pressure  actinq  on  a  building  fagade.  Conventional 
weapons  can,  under  certain  circumstances,  produce 
similar  pressure/time  histories,  e.q.  at  the  end  of 
a  loop  entrance  tunnel.  But  for  common  entrance 
configurations,  the  positive  pressure  duration  from 
conventional  weapons  is  much  shorter  even  in  case 
of  detonation  of  relatively  large  bombs. 

The  natural  period  of  the  door  plate  has  been  meas¬ 
ured  to  be  about  8  ms.  Tie  reaction  to  the  desiqn 
load  (Figures  4)  is  of  quasi-static  nature,  whereas 
blasts  from  conventional  weapons  would  act  as  im¬ 
pulsive*  loads.  In  Figure  5,  the  blast  resisting 
capacity  of  a  typical  standard  armoured  door  is 
snown  in  terms  of  a  P-/!-diagram.  The  three  curves 
indicate  the  elastic  realm  (X  =  1),  the  limit  for 
minor  permanent  deflections  at  which  a  reasonable 
degree  of  tightness  is  still  assured  (X  -  5)  and 
the  I  inn t  tor  serious  destruction  (X  =  20).  For 
reasons  of  comparison,  the  pressure/ impulse  combi¬ 
nations  from  the  surface  burst  of  a  hiqh-exnlosive 
charqe  ( anoroxiniatel  v  equal  to  tne  net  explosive 
weight,  of  a  1000  lb  GP  bomb)  at  different  distances 
from  a  door  are  also  shown.  As  can  be  read  from 
r.nis  diagram,  the  door  plate  remains  in  tne  elastic 


Figure  4:  Desiqn  load  for  blast  pressure 


Fiqure  5:  Pressure/impulse  diaqram  showing  the 

bearing  capacity  of  personnel  door  PT  1 


realm  for  a  detonation  at  15  m  (50  ft)  and  would 
still  not  be  destroyed  by  the  blast  at  a  distance 
of  6  m  (20  ft)  from  the  charqe. 

The  blast  resistance  of  these  doors  has  been  tested 
in  full  scale  at  the  experiment  station  of  the  Ro¬ 
yal  Swedish  Fortifications  Administration  at  Marsta 
(Ref.  2).  The  olast  loads  were  produced  in  a  shock 
tube  by  means  of  hiqh  explosive  charges  up  to  15 
kg,  whereby  peak  pressures  of  up  to  12  bar  with  du¬ 
rations  of  more  than  200  ms  were  obtained.  All 
doors  withstood  the  design  load  without  any  prema¬ 
ture  failures.  Permanent  deflections  between  2  and 
4  inn  were  observed  at  midpoint  of  the  door  plates. 

A  detailed  dynamic  structural  analysis  is  somewhat 
complicated  due  to  the  changing  support  conditions. 
When  the  doors  are  subjected  to  small  loads,  they 
behave  like  slabs  supported  along  one  edqe  and  on 
two  points  (i.e,  the  hinqes)  at  the  opposite  edge. 
At  higher  loads  deformations  will  take  place  at  the 
hanqer  side,  whereafter  the  doors  will  behave  as 
simply  supported  along  all  four  edges.  For  the  as¬ 
sessment  of  the  ultimate  resistance  against  re¬ 
flected  blast  pressure  from  outside,  only  this  lat¬ 
ter  behaviour  is  relevant. 


2.3  Rebound 

For  the  rebound  cycle  the  door  slab  is  supported  on 
four  points.  The  minimum  requirements  stipulate 
that  the  doors  resist  to  rebound  forces  equivalent 
to  an  Inside  dynamic  overpressure  of 

6 

0  *  G — v - rn  (Bar);  o  >  2  bar. 

~|2  •  'max  1 

It  is  a  siqnificant  advantage  of  reinforced  con¬ 
crete  doors  that  the  rebound  energy  which  is  con¬ 
tained  in  the  door  plate  can  be  absorbed  by  yield¬ 
ing  of  rebound  reinforcement  of  a  relatively  low 
load  capacity.  By  limiting  the  load  capacity  of  the 
door  plate  in  the  opposite  direction  to  e.g.  30  % 
of  the  positive  bearlnq  capacity,  the  loads  on 
locks  and  hinges  are  limited  correspondingly. 

Steel  doors,  on  the  contrary,  usually  have  door 
plates  of  about  the  same  ultimate  bearing  capacity 
in  positive  and  negative  direction.  Therefore,  the 
rebound  supports,  i.e.  the  locks  and  hinges,  have 
to  oe  desiqned  for  approximately  the  stme  loads  as 
the  positive  load  supports. 

Since  the  pressure  loads  from  conventional  weapons 
may  include  a  larqe  number  of  pressure  peaxs  of 
snort  duration  when  acting  on  doors  in  entrance 
ways,  sufficient  resistance  to  rebound  effects  is 
very  essential 


2.4  Shock  Loaolnqs 

If  a  snock  is  transmitted  from  a  detonating  weapon 
to  a  shelter,  acceleration  forces  act  on  the  hinges 
(see  Fiqure  6). 
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Figure  i:  S'jpoort  acceleration  acting  on  door 
hinges 


•  : ;  vtc  natcnis  can  resist  acceleration  for¬ 

go-,  in  t.  Rt:  <\'i s^-  ;j«;«si -statical  1  /.  In  case  of 
hion-;r  sr.ock  loadings,  remanent  deflections  uc  to 
Kj  —  i •  ner'zcntal  .vus  vertical  direction  irav  oc- 
c  ir  ‘./i tny.it  }eooarci ? i«;  the  operability  of  the 
doors. 


2.5  Flvinq  Fragments 

foe  most  destructive  effects  fro *  crenaoes  or  oonos 
detonating  close  to  reinforced  concrete  walls  are 
tne  Mvi-ig  fragments  fruit  the  casing,  As  u  has 
neen  concluded  from  investigations  presented  alrea- 
0/  to  me  first  of  these  sv.nncsta  (Ref.  3),  fr.iq- 
•*>;nis  s,.iv  Perforate  concrete  structures,  even  at 
Oist.r.cus  fnv.  t«*  m*aDa«  where  toe  a  fast  damage  is 
ali. '»sr  nogl igiiile. 


F inure  7:  £xamoles  of  entrances  with  improved 
fragment  orotection 


i  itn  --.'.or  ;;Kte"-  cr  uf  reinforced  concrete, 

tn.-  mention**  ir.roureo  doors  provide  protect  ir.r. 
ac.iir.st  artillery  rounds  uo  to  caiinre  15b  r.™  deto- 
'..iting  at  or  more  from  toe  door.  However,  tne 
orotection  crsvideo  against  flvinq  fragments  is 
iower  r.nar,  that  regarding  blast  overpressure.  In 
case  of  tne  e x am;. i or  ^  1090  Ids  oomti  at  i  in 

■  ..*01  toned  earlier,  to  which  the  doors  resist  re- 
girdina  clast  pressure,  a  relevant  portion  of  large 

■  rag-tents  lav  perforate  tea  door  elate.  Adequate 
protect  ion  against  suco  weapons  may  ce  achieved  ei- 
tnar  it  tv.o  doors  are  Oeino  arranged  in  tandem  or 
’f  tug  itxr  is  protected  from  direct  fragment  hits 


by  the  geometry  of  the  entrance  way  (see  Figure 
7).  Antiscabbinq  plates  which  may  oe  welded  onto 
the  inner  face  of  the  door  olate  are  of  some  value 
in  protecting  Der sonne 1  and  equipment.  If  door 
thickness  and  weiqht  increase  significantly  for 
better  fraqment  orotection,  all  parts  of  the  door 
have  to  oe  redesigned  -  particularly  the  locks  non 
hinges  -  in  order  to  resist  increased  rebound  and 
shock  forces. 


?.g  lmpo.rviousness 

Shelter  doors  must  seal  nightly  in  orn.er  to  avoid 
penetration  of  blast  pressure  and  toxic  cases  from 
Chemical  warfare  or  fires. 

In  tne  full-scale  shock  tube  tests  carried  out.  witn 
armoured  doors  of  the  size  0.?  x  I  .ftp  m  aoornxima- 
tei y  0.0 R  ’>3  m  of  air  penetrated  tne  leaxinq  cham¬ 
ber  wr.en  the  doors  were  loaded  with  a  triangular 
blast  oi  4  tar  ano  10'.!  ms  duration.  Inis  leakage  is 
osqlioible  for  practical  purposes. 

For  the  protection  against  toxic  qases,  a  minimum 
overpressure  of  filtered  air  has  to  oe  maintained 
inside  tne  shelters.  In  case  of  tne  suoolv  of  fil¬ 
tered  air  oeinq  stODDea,  the  infiltration  of  toxic 
gases  from  the  outside  surround i nos  must  oe  kept 
within  acceotaoie  limits.  The  ii.ime.um  reauirements 
on  imoerviousness  for  shelter  doors  therefore  ae- 
cenc  on  the  capacity  of  the  air  supply  system  and 
tne  shelter’s  volume. 

Tr.e  minr.ir.':  requirements  for  the  mentioned  civil 
defence  armoured  doors  stiouiate  a  maximum  air 
leakage  of  XO  h  at  an  inside  overpressure  of  ?.b 
mn.ir .  Therefore,  nipper  stats  are  fitted  into  the 
grooves  along  tne  four  edges  of  tne  coor  slab.  The 
r.rgnpr  contact  between  the  seals  and  the  bearing 
faces  n.av  t;e  ensured  by  abiusttnq  the  locks. 

I  fie  best  protect  ion  is  achieved  if  an  air  lock  is 
fo-r.eo  ei.oif.yihq  two  consecutive  doors. 


2.7  Thermal  Resistance 

•JtConse  of  the  relatively  short  burning  time  of  in¬ 
cendiary  weapons,  remforcen  armoureo  doors  are  ge¬ 
neral  lv  insensitive  to  their  direct  effects.  A  more 
critical  situation  can  arise  if  large  amounts  of 
flammable  material  in  the  surround inqs  catch  fire. 
Tne  orotection  provided  by  tne  standard  doors  is 
again  determined  bv  the  reinforced  concrete  door 
nlate.  A  tnermal  load  of  300  *C  on  the  outside  sur¬ 
face  for  two  hours  leans  to  a  temperature  rise  or. 
the  inner  surface  of  approximate! v  15  *C  only.  It 
is  required  that  under  these  conditions  no  hazar¬ 
dous  gases  are  released  from  tne  seals.  This  tner- 
nal  resistance  is  adeauate  for  most  practical  ap¬ 
plications.  If  a  shelter  should  become  neated  ud 
move  an  acceptable  temperature  under  extreme  con¬ 
ditions,  reasonable  time  is  qaineu  for  the  evacua¬ 
tion  of  its  occupants. 
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2.8  Rescue  Oevices 

Entrances  cf  shelters  may  be  blocked  up,  e.g.  by 
ejecta  material  from  bomb  craters  or  debris  from 
collaosed  structures  (see  Figure  8).  Rescue  of  oc¬ 
cupants  should  therefore  be  made  possible  from  out¬ 
side  as  well  as  from  inside  without  special  tools. 


Figure  8:  Shelter  doors  blocked  up  by  crater  mate¬ 
rial  or  debris 


In  the  case  of  Swiss  civil  defence  shelters,  this 
is  achieved  by  observing  the  following  principles 
for  the  arrangement  and  equipment  entrances: 

,i  At  least  two  independent  escape  ways  shall  be 
provided  for  each  shelter. 

.2  One  of  these  escape  ways  shall  be  closed  by  an 
escaspe  hatcn  which  opens  towards  the  inside  of 
the  shelter.  This  qives  occupants  a  chance  to 
escape  even  if  the  escape  shaft  is  partly  fil¬ 
led  with  loose  material. 

.3  If  a  shelter  is  located  under  a  multi-storey 
building,  escape  tunnels  shall  oe  provided  be¬ 
yond  the  area  expected  to  be  covered  by  heavy 
debris. 

.4  Eacn  shelter  has  to  be  equipped  with  a  so-cal¬ 
led  "self-rescue  device".  This  is  a  simple  me¬ 
chanical  jack  which  serves  to  open  armoured 
doors  in  case  of  the  exit  beinq  blocked  with 
debris  from  outside.  With  this  device  tne  ar¬ 
moured  door  can  oe  oushed  open  by  a  force  of 
about  5  kN  (1100  los)  to  make  a  passage  way  of 
a  foot' s  width. 

.5  All  locks  may  be  taken  aoart  from  inside  as 
well  as  from  outside  by  the  same  wrench  which 
is  included  in  the  self-rescue  device.  This 
permits  the  unlock  inq  of  doors  even  if  the 
locks  cannot  be  turned  open  for  any  reason. 

If  additional  security  locks  are  installed  for  rea¬ 
sons  of  oeace-tune  use  of  such  shelters,  care 
should  be  taker,  cha*  the  aoove  rescue  possibilities 
are  not  jeopardized. 


3.  OTHER  TYPES  OF  REINFORCED  CONCRETE -ARMOURED 
DOORS 

Besides  the  above-mentioned  standard  types  many 
other  reinforced  concrete- armoured  doors  are  in 
use,  in  particular  as  closures  for  larqe  openings. 
Depending  on  the  spare  which  is  available,  botn 
wing  doors  and  sliding  doors  have  also  been  used 
for  such  large  openings. 


In  the  case  of  large  public  shelters  which  are  oft¬ 
en  used  as  car  parkings  or  warehouses,  larqe  en¬ 
trances  are  needed  for  peace-time  use.  Such  open¬ 
ings  are  equipped  with  so-called  armoured  sliding 
walls  (see  Fiqure  9).  These  slidinq  wal’s  remain 
closed  when  the  structure  is  used  as  a  shelter  and 
otner  entrances  equipped  with  standard  doors  have 
to  be  provided,  too.  Since  these  sliding  walls  are 
to  be  moved  very  seldom  in  this  application,  they 
are  usually  operated  manually  by  rope  and  winch. 


Figure  9:  Sliding  wall  for  the  closure  of  large 
openinqs  in  public  shelters,  which  are 
used  as  car  parking  lot 


4.  RECOMMENDATIONS  FOR  THE  APPLICATION 

The  first  point  to  be  SDecifted  for  an  armoured 
door  is  of  course  the  range  and  level  of  protec¬ 
tion.  The  comments  made  in  this  paper  may  be  used 
to  check  whether  all  relevant  orotection  require¬ 
ments  are  clearly  specified. 

Reqardinq  the  cost  of  armoured  doors,  the  operatio¬ 
nal  requirements  such  as  size,  allowable  effort  and 
time  for  the  operation  of  doors  are  very  important. 

Tne  main  limitations  for  the  application  of  rein¬ 
forced  concrete- armoured  doors  are  their  weight  and 
the  space  required  for  the  bcoy  of  the  doors.  The 
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standardized  doors,  as  shown  before,  may  be  manual¬ 
ly  ooerated  by  one  oerson  with  a  force  of  less  than 
300  N  (44  lbs).  However,  for  frequent  and  rapid 
operation  as  well  as  for  larqer  doors,  a  power 
orive  may  he  required, 

Reinforced  concrete-armoured  coors  offer  a  number 
of  advantaqes  over  steel  doors,  if  they  meet  the 
oner at ional  requirements: 

fne  range  of  protection  corresponds  better  to 
me  orotective  structure  (e.q.  flyinq  frag¬ 
ments,  neat,  all  kinds  of  radiation) 
Intermediate  and  nigh  levels  of  orotection  may 
often  De  achieved  at  siqnif icantly  lower  cost. 

Oependinq  on  individual  circumstances,  other  as¬ 
pects  such  as  the  smaller  transport  weiaht  or  tne 
characteristics  of  concrete  as  compared  to  those  of 
steel  with  resooct  to  self-quioed  warheads  may  also 
be  of  importance. 


Whatever  tvoe  of  armoured  door  is  used,  particular 
care  should  be  employed  as  to  ensure  that  the  door 
fits  tne  protective  structure  in  all  respects, 
i.e.  from  orotection  requirements  up  to  all  details 
of  forces  transmitted  to  the  suoportinq  structure. 
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